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Abstract

The excitation of solids by ultrafast, intense lasers creates high-density plasmas relevant
for astrophysics, inertial confinement fusion, various practical applications including laser
processing, realization of compact sources of coherent XUV to X-ray radiation and bright
particles including ions. Obviously, a comprehensive understanding of laser coupling and
subsequent energy transport into dense-plasma is of key importance. Up to now, the
current lack of appropriate methods observing complex density dynamics with sufficient
spatial resolution prevented us from a quantitative understanding of the underlying physics
and benchmarking existing models. This thesis demonstrates for the first time the fea-
sibility of single pulse grazing incidence X-ray diffuse scattering experiments from laser
excited condensed matter employing single XFEL pulse of 7 fs pulse duration. The exper-
iments, performed at the Japanese FEL facility SACLA, reveal the ultrafast evolution of
the electron density in the vicinity of the surface. We deduce the dynamics of the density
and surface profiles on ultrafast time scales.
The retrieved density information infers the electronic heat conduction velocity and sur-
face ablation dynamics caused by electrostatic ablation or electron-ion collisions. As the
dynamics of the multilayer sample is caused by particle penetration and pressure balance
between adjacent layers, our new tool will play a central role in benchmarking various
models including particle collisions and the equation of states.
The results can be anticipated to be useful for various applications that rely on transient
dynamics of high-density states: material processing, isochoric heating, laser dynamic
compression and relativistic laser matter interaction. Our new technique will play an im-
portant role towards long-awaited quantitative benchmark of various models that have
been suffered from lack of precise experimental data.
Additionally, grazing-incidence X-ray scattering provides also information on lateral and
vertical correlation and roughness properties at the surface upon laser excitation. With
this surface roughness and ripples changing upon laser excitation, surface plasma insta-
bility dynamics and spatial homogeneity of shock wave with sub-µm resolution can be
investigated.
Bringing together X-ray scattering techniques and high energy density science opens a
complete new field in understanding the fundamental processes in laser-plasma interac-
tion.
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Zusammenfassung

Die Anregung von Festkörpern durch ultraschnelle, intensive Laser erzeugt hochdichte
Plasmen, die für die Astrophysik, die Fusion unter Trägheitseinschluss, verschiedene prak-
tische Anwendungen einschließlich Laserbearbeitung, die Realisierung kompakter Quellen
für kohärente XUV- bis Röntgenstrahlung und für helle Teilchen einschließlich Ionen re-
levant sind. Es liegt auf der Hand, dass ein umfassendes Verständnis der Laserkopplung
und des anschließenden Energietransports in dichte Plasmen von zentraler Bedeutung ist.
Bislang hinderte uns der derzeitige Mangel an geeigneten Methoden zur Beobachtung der
komplexen Dichtedynamik mit ausreichender räumlicher Auflösung daran, die zugrunde-
liegende Physik quantitativ zu verstehen und bestehende Modelle zu vergleichen. Diese
Arbeit zeigt zum ersten Mal die Durchführbarkeit von Röntgendiffusionsstreuexperimen-
ten an laserangeregter kondensierter Materie unter streifendem Einzelimpuls-Einfall mit
einem XFEL-Puls von 7 fs Pulsdauer. Die Experimente zeigen die ultraschnelle Entwick-
lung der Elektronendichte in der Nähe der Oberfläche. Wir leiten die Dynamik der Dichte-
und Oberflächenprofile auf ultraschnellen Zeitskalen ab.
Die gewonnene Dichteinformation lässt auf die elektronische Wärmeleitgeschwindigkeit
und die Dynamik des Oberflächenabtrags durch elektrostatische Ablation oder Elektron-
Ionen-Kollisionen schließen. Da die Dynamik der Vielschichtprobe durch die Teilchenein-
dringung und den Druckausgleich zwischen benachbarten Schichten verursacht wird, wird
unser neues Werkzeug eine zentrale Rolle beim Benchmarking verschiedener Modelle ein-
schließlich Teilchenkollisionen und der Zustandsgleichung spielen.
Es ist zu erwarten, dass die Ergebnisse für verschiedene Anwendungen nützlich sein wer-
den, die auf der transienten Dynamik von Zuständen hoher Dichte beruhen: Materialbe-
arbeitung, isochore Erwärmung, dynamische Laserkompression und relativistische Laser-
Materie-Wechselwirkung. Unsere neue Technik wird eine wichtige Rolle beim lang erwar-
teten quantitativen Benchmark verschiedener Modelle spielen, die unter dem Mangel an
präzisen experimentellen Daten gelitten haben.
Zusätzlich liefert die Röntgenstreuung unter streifendem Einfall auch Informationen über
laterale und vertikale Korrelation und Rauheitseigenschaften an der Oberfläche bei La-
seranregung. Mit dieser Änderung der Oberflächenrauheit und der Welligkeit bei Laser-
anregung können die Dynamik der Instabilität des Oberflächenplasmas und die räumliche
Homogenität der Schockwelle mit einer Auflösung von sub-µm untersucht werden.
Die Zusammenführung von Röntgenstreuungstechniken und der Wissenschaft der Hoch-
energiedichte eröffnet ein völlig neues Feld für das Verständnis der grundlegenden Prozesse
bei der Laser-Plasma-Wechselwirkung.
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Chapter 1

Introduction

The interaction of high-intensity lasers with solids creates high-density, warm-to-hot tem-
perature plasmas involving a wide range of non-linear physics phenomena [1]. Such plas-
mas are not only of great relevance to astrophysics [2] and inertial confinement fusion, but
also hold promise for the generation of bright, coherent light sources [3] and for bright
particle beams including ions [4] by efficiently depositing laser energy into plasmas. In
general, laser coupling into plasmas occurs either in the under-critical density part of the
expanding plasma-vacuum interface, where the laser wave can propagate, or within the
skin depth of the overcritical plasma, where the laser wave is evanescent. The so-called
critical density nc is located at the position of the density profile where the local electron
plasma frequency equals the laser frequency, which is about 1% of the solid density for
optical frequencies. It is known that a sub-µm scale density profile at the surface strongly
influences the laser-plasma coupling [5]. To obtain a complete picture of the laser-plasma
coupling and the subsequent energy transport into the bulk, it is therefore crucial to ex-
tract the dynamically changing over-critical plasma profile with nanometer resolution. In
the framework of this thesis, we visualize surface plasmas employing X-ray Free-Electron
Lasers providing the required nm scale surface sensitivity on ultrafast time scales.
Although the surface morphology is of great importance in laser-matter interactions, in
this thesis we will focus on short-pulse (40 fs) laser-solid interactions well above the ma-
terial damage threshold. At laser intensities of 1014 W/cm2 and above, surface ionization
occurs on time scales of a few fs following the laser essentially interacts with a solid den-
sity plasma. The laser energy is first absorbed by electrons whose oscillatory energy is
converted into random thermal energy by collisions with ions. Therefore, the collision
frequency between electrons and ions is the crucial physical quantity for laser absorption,
electron-ion energy transfer and electronic heat conduction. Assuming that the laser pulse
duration is shorter than the electron-ion equilibration time scale (≥ ps), electronic and
ionic subsystems need to be considered separately. Furthermore, the local temperature
gradient tends to be steeper than the electron mean free path with the electron motion
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CHAPTER 1. INTRODUCTION

becoming non-local causing a breakdown of the classical Spitzer-Härm heat conduction
treatment. In general, a proper treatment of electron-ion binary collisions and thermal
conductivity under strongly non-equilibrium conditions is one of the long-standing chal-
lenges in the plasma community. This thesis will provide new benchmarks for theory and
simulations.
Surfaces of laser excited matter are also of considerable practical relevance, such as solid
density plasmas with sharp density gradients (compared to the incoming laser wavelength)
used as highly-reflective optical mirrors. Such plasma-based mirrors have attracted inter-
est for temporal cleaning of laser pulses [6] and tight focusing [7] in very compact and
efficient manner since plasma optics can withstand laser intensities far above the material
damage threshold. Therefore, the next-generation ultra-high-intensity laser facilities are
proposed to heavily rely on the usage of plasma optics [8]. All these functionalities require
the collective plasma thermal motion to be negligible compared to the laser wavelength.
In-situ visualization of the surface with sub-µm resolution is important to evaluate the
ultimate focus quality behind the plasma optics, which is prone to degrade due to rough-
ness introduced by the plasma expansion. Plasma optics enters into a non-linear regime
at higher laser intensities above 1017 W/cm2 by exciting collective plasma waves allowing
the generation of higher-order harmonics (HHG) in the XUV to soft X-ray regime [3].
Above the electron relativistic intensity (> 1018 W/cm2) surface electron trajectories be-
come strongly anharmonic, leading to a strong non-linear response of the reflected light
fields due to the relativistic Doppler upshift. This relativistically oscillating plasma mirror
is a potential future attosecond coherent light source providing photon energies up to the
X-ray domain. At those high intensities the strong plasma thermal pressure and the radi-
ation pressure push the plasma surface inwards and outwards simultaneously. This highly
non-linear and complex surface plasma dynamics has been so far only studied via charac-
terizing the generated high frequency radiation [9] and detailed insights rely strongly on
simulations.
While surface-sensitive optical probing techniques, such as a frequency domain interferom-
etry (FDI) [10,11] are powerful tools to identify the position and velocity of the expanding
critical density surface, they do not provide information about density profiles inside the
solid. This is due to the critical density of ∼ 1021 cm−3 at the optical wavelength be-
ing about > 100 times smaller than the solid density. It is only very recently, that the
solid density expansion upon intense laser irradiation can be investigated with nanometer
spatial resolution by small-angle X-ray scattering (SAXS) at X-ray Free-Electron Lasers
(XFEL) [12–15].
This thesis demonstrates extending the SAXS technique to grazing-incidence X-ray dif-
fuse scattering (XDS) [16] using ultrashort XFEL pulses to obtain nm spatial in-plane
and in-depth resolution from solid-density plasma surfaces. In principle, also X-ray reflec-
tometry (XRR) provides high resolution information on surfaces and interfaces in layered
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systems [17,18], however, XRR is not single shot compatible because of its requirement of
scanning both incident and exit angle simultaneously. Measuring the non-specular, diffuse
scattering pattern around the specular signal of an intense X-ray beam provides not only
single shot compatible data but also to access different X-ray penetration depths from
a few nm up to microns. This is due to the fact that the imaginary component of the
momentum transfer normal to the surface Qz varies considerably when either incident or
exit wave approach the critical angle of total external reflection [17]. Note that, using a
ML sample was the key to fully exploit the ability of this X-ray technique to access the
depth-resolved data. Two pioneering XDS experiments have been performed in this thesis
at the Japanese XFEL facility SACLA.
Here, we demonstrate the feasibility of single shot XDS which allows for the first time the
visualization of transient surface density profiles with nanometer depth resolution. Using
ML samples we measured the ultrafast plasma density evolution via the recorded diffuse
scattering patterns and determined the speed of density perturbation propagating into the
bulk, the speed of the surface ablation and intermixing of layers via thermal expansion.
This thesis is structured as follows: in Chapter 2 we introduce the theory of X-ray diffrac-
tion. In Chapter 3, we give a brief overview about the fundamentals of plasma dynamics.
Experimental details are presented in Chapter 4. In Chapter 5 we present the experimen-
tal data and show a detailed analysis and explanation of the data leading to the major
findings and interpret them in the framework of plasma physics in Chapter 6. Finally, in
Chapter 7 we summarize the results and give an outlook on future studies.
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Chapter 2

Theory of X-ray diffraction

In this chapter, we present the theoretical concepts of X-ray diffraction phenomena. In
section 2.1, we describe the basic principles of X-ray reflection on single interfaces and
extend it to multilayer samples in section 2.2. As multilayer samples do not have flat
interfaces but a small roughness, we investigate the specular reflection from rough mul-
tilayer systems in section 2.3. These rough interfaces can be described mathematically
as shown in section 2.4. These rough multilayer samples do not only contribute to the
specular scattering but also have a non-specular scattering signal. This is described in the
distorted wave born approximation explained in section 2.5. In section 2.6, we demon-
strate the concept of the X-ray diffuse scattering technique we used in our experiment
and illustrate some examples in section 2.7. In section 2.8, we explain how we can extract
further information about the interface structure from the out-of-plane scattering signal.

2.1 Basic principles of X-ray reflection

The propagation of an electromagnetic wave

E(r) = E0 · exp (ikr) (2.1.1)

through a material with the index of refraction n(r) is described by the Helmholtz equation

∆E(r) + k2n2(r) E(r) = 0 (2.1.2)

with the absolute value of the wavevector k = 2π
λ and the X-ray wavelength λ [19].

The index of refraction for an arrangement of N atoms per unit volume is defined as

n2(r) = 1 +N
e2

ε0m

N∑
j=1

fj
ω2
j − ω2 − 2iωηj

, (2.1.3)

with atoms being harmonic oscillators with resonance frequency ωj . e denotes the electric

5



CHAPTER 2. THEORY OF X-RAY DIFFRACTION

Figure 2.1: Basic principle of X-ray reflection. An incident beam with wavevector ki

impinges on a sample at an angle αi. One part of the beam gets reflected on the surface
with αf = αi and exits the sample with wavevector kf . The other part is transmitted at
an angle αt and propagates into the material with kt. For X-rays, the index of refraction
in material is slightly smaller than 1, thus αt < αi facilitating surface sensitivity.

charge, m is the electron mass and ω describes the frequency of the incoming electromag-
netic wave. nj expresses the damping factors and fj are the forced oscillation strengths
of the electrons of each single atom. In general, fj are complex numbers defined via

fj = f0
j + f ′j (E) + if ′′j (E) (2.1.4)

with f ′j (E) the energy dependent dispersion correction and f ′′j (E) the absorption correc-
tion. If the X-ray frequency ω is larger than ωj , Eq. (2.1.3) can be written as

n(r) = 1− δ(r) + iβ(r) (2.1.5)

with the dispersion δ(r)

δ(r) = λ2

2πre ρ(r)
N∑
j=1

f0
j + f ′j(E)

Z
(2.1.6)

and the absorption β(r)

β(r) = λ2

2πre ρ(r)
N∑
j=1

f ′′j (E)
Z

= λ

4πµ(r), (2.1.7)

with re = 2.8 · 10−15 m the classical electron radius, Z the total number of electrons,
ρ(r) the electron density and µ(r) the linear absorption coefficient. If the medium is
homogeneous and far from absorption edges, the refractive index simplifies to

n = 1− λ2

2πreρ+ i
λ

4πµ. (2.1.8)
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2.1. BASIC PRINCIPLES OF X-RAY REFLECTION

Since the dispersion coefficient δ(r) is always positive, for X-rays the real part of n(r)
needs to be slightly smaller than one (Fig. 2.1). That implies that below a certain grazing
incidence angle, called critical angle αc, total external reflection is possible. Snell’s law
connects the incidence angle αi to the refracted angle αt

cosαi = (1− δ) cosαt. (2.1.9)

For αt = 0 and δ � 1 the critical angle αc can be approximated with

αc ≈
√

2δ = λ

√
reρ

π
. (2.1.10)

For X-rays, the critical angle has values on the order of several tenths of a degree, e.g. for
silicon the critical angle is αc = 0.224◦ (with λ = 1.55Å) [20]. For αi < αc the electric field
of the X-ray wave is decaying exponentially, called evanescent wave, and travels parallel
to the sample surface as shown in Fig. 2.2. The penetration depth for αi → 0 is given by

Λ0 = 1√
4πreρ

(2.1.11)

and thus independent of the X-ray wavelength λ [19]. In practice, the penetration depth
below the critical angle is on the order of 50Å following that for grazing-incidence angles
the scattering signal mainly arises from the surface. Fig. 2.3 displays the penetration
depth as a function of αi/αc for different ratios of β/δ showing that for αi < αc the
penetration depth is equal for a ratios at about 60Å and increases rapidly for angles
larger than the critical angle.

Figure 2.2: Illustration of evanescent
waves ouccuring at an angle αi < αc
(adapted from [21]).

Figure 2.3: Penetration depth Λ into sil-
icon as a function of the ratio αi/αc with
wavelength λ = 1.54Å for various ratios
of absorption β and dispersion factor δ
(taken from [19]).
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CHAPTER 2. THEORY OF X-RAY DIFFRACTION

In order to calculate the reflection and transmission amplitude of a layer, one applies
the Fresnel coefficients

rj,j+1 = kz,j − kz,j+1
kz,j + kz,j+1

and tj,j+1 = 2kz,j
kz,j + kz,j+1

, (2.1.12)

with kz,j = k
√

(n2
j − cos2 αi).

Fig. 2.4 displays an example of the Fresnel reflectivity RF with fixed value of β and varying
δ as a function of the ratio between incident angle and critical angle αi/αc. It is obvious
that the absorption β is only important in the range of the critical angle. For incident
angles larger than the critical angle the reflectivity coefficient RF decreases rapidly. Fig.
2.5 shows the Fresnel transmission TF as a function of αi/αc. For αi = αc we recognize
a sharp maximum which occurs due to interference effects of reflected and transmitted
waves. For angles larger than the critical angle αc the transmission approaches 1 meaning
that absorption plays a minor role for αi � αc and the waves can penetrate the medium
almost unhindered.

Figure 2.4: Fresnel reflectivity RF as a
function of αi

αc
for different ratios of β

δ
(taken from [19]).

Figure 2.5: Fresnel transmission TF as
a function of αi

αc
for different ratios of β

δ
(taken from [19]).
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2.2. SPECULAR REFLECTION FROM MULTILAYER SYSTEMS

2.2 Specular reflection from multilayer systems

In this thesis, samples with multiple layers are investigated. We assume that the scattering
originates from N +1 layers with N sharp interfaces at the positions zj 6= 0 (see Fig. 2.6).
Layer 1 is the vacuum with interface at z1 = 0. The layer N + 1 represents the semi-
infinite substrate. Each layer has a refractive index nj = 1 − δj + iβj and a thickness of
dj = zj−1 − zj . Tj denotes the wavevector amplitude of the transmitted wave while Rj
represents this value for the reflected wave. The incoming wave impinges on the surface
at grazing angle αi.

Figure 2.6: Multilayer System of N+1 layers with thickness dN and N corresponding
interfaces. Every interface has a reflection RN and transmission TN contribution. Here,
the intensity is normalized to T1 = 1 (Fig. taken from [19]).

Each interface j needs to be linked to interface j + 1 in order to calculate the reflected
amplitude after N interfaces. In 1954, Parratt formulated the first approach for a recursive
formalism [22] in which Xj describes the ratio of Rj and Tj [19]

Xj = Rj
Tj

= exp (−2ikz,jzj)
rj,j+1 +Xj+1 exp (2ikz,j+1zj)
1 + rj,j+1Xj+1 exp (2ikz,j+1zj)

(2.2.1)

with rj,j+1 the Fresnel coefficient. Since the thickness of the substrate is much larger than
the penetration depth of the X-rays, there will be no reflection from the substrate, thus
RN+1 = XN+1 = 0. The specular reflected intensity R after N iterations is

R = |X1|2 = |R1|2. (2.2.2)

9



CHAPTER 2. THEORY OF X-RAY DIFFRACTION

With R1 and T1 = 1 the amplitudes for Rj and Tj inside all layers can be calculated
recursively via

Rj+1 = 1
tj+1,j

{Tjrj+1,j exp [−i (kz,j+1 + kz,j) zj ] +Rj exp [−i (kz,j+1 − kz,j) zj ]} (2.2.3)

Tj+1 = 1
tj+1,j

{Tj exp [i (kz,j+1 − kz,j) zj ] +Rjrj+1,j exp [i (kz,j+1 + kz,j) zj ]} (2.2.4)

with the Fresnel transmission coefficient tj+1,j = 1 + rj+1,j of the jth interface.

Figure 2.7: Reflectivity signal as a function of αi measured with an X-ray wavelength
λ = 1.54 Å. The solid line shows the reflectivity of a Silicon substrate and a polystyrene
(PS) film with d = 800 Å on top while the dashed line displays the signal from silicon
substrate only (taken from [19]).

In Fig. 2.7 an example of a calculated reflectivity of a polystyrene (PS) film with d =
800 Å on a silicon substrate is shown. The X-ray wavelength was set to λ = 1.54 Å with
δSi = 7.56 · 10−6, βSi = 1.89 · 10−7, δPS = 3.5 · 10−6 and βPS = 1.75 · 10−8. For small angles
αi < 0.3◦ we notice the critical angles of the corresponding materials. For larger incident
angles αi > αc the intensity decays several orders of magnitude following (αc/2αi)4. The
small oscillations are called Kiessig fringes and occur due to interference effects of the
reflected waves at the different interfaces. From the period ∆Qz of these Kiessig fringes
one can obtain the multilayer thickness by

d = 2π
∆Qz

≈ λ

2∆αi
(2.2.5)

with Qz = 2k sinαi.

10



2.3. SPECULAR REFLECTION FROM ROUGH MULTILAYER SYSTEMS

2.3 Specular reflection from rough multilayer systems

Up to now we assumed that the interfaces are perfectly flat, while in practice the surfaces
are rough. For a rough surface the index of refraction nj is replaced by a continuous varia-
tion nj(x, y, z) (see Fig. 2.8). We are only interested in the specular reflectivity, therefore
the wavevector transfer Q = kf − ki has only a z component. The one-dimensional
refractive index profiles are then calculated as lateral averages [19]

nj(z) =
∫ ∫

nj(x, y, z) dy dx. (2.3.1)

We assume that a rough interface consists of different smooth interfaces with certain z

coordinates and weighted by a probability density Pj(z) with its mean value

µj =
∫
zPj(z)dz, (2.3.2)

the root-mean-square (rms) roughness

σ2
j =

∫
(z − µj)2Pj(z) dz (2.3.3)

and the function fj(k) given by

fj(k) = exp(ikµj)
∫

exp(−ikz)Pj(z) dz. (2.3.4)

With this Eq. (2.2.3) and (2.2.4) can be rewritten as

Rj+1 = 1
t̃j+1,j

{Tj r̃j+1,j exp [−i (kz,j+1 + kz,j) zj ] +Rj exp [−i (kz,j+1 − kz,j) zj ]} (2.3.5)

Tj+1 = 1
ftt̃j+1,j

{Tj exp [i (kz,j+1 − kz,j) zj ] +Rjfrr̃j+1,j exp [i (kz,j+1 + kz,j) zj ]} .

(2.3.6)

The Fresnel coefficients are now modified to

r̃j+1,j = fj(kz,j+1 + kz,j)
fj(kz,j+1 − kz,j)

rj+1,j and t̃j+1,j = 1
fj(kz,j+1 − kz,j)

tj+1,j (2.3.7)

with

fr = fj(kz,j+1 − kz,j)
fj(−kz,j+1 + kz,j)

· fj(−kz,j+1 − kz,j)
fj(kz,j+1 + kz,j)

(2.3.8)

ft = fj(kz,j+1 − kz,j)
fj(−kz,j+1 + kz,j)

. (2.3.9)
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CHAPTER 2. THEORY OF X-RAY DIFFRACTION

If the arguments are real, then |fr| and |ft| = 1. In general, the kz,j terms have a large
imaginary contribution in the range of the critical angle where absorption is important.
However, in the X-ray regime the components fr and ft can indeed be approximated with
1.
We assume a continuous refractive index profile between layer j and j + 1

nj(z) = nj + nj+1
2 − nj − nj+1

2 erf
(
z − zj√

2σj

)
(2.3.10)

and a Gaussian probability density (µj = 0)

Pj(z) = 1√
2πσj

exp
(
− z2

2σ2
j

)
. (2.3.11)

As a result, the Fresnel coefficients can be written as

r̃j,j+1 = rj,j+1 exp
(
−2kz,jkz,j+1σ

2
j

)
(2.3.12)

t̃j,j+1 = tj,j+1 exp
(

(kz,j − kz,j+1)2 σ
2
j

2

)
. (2.3.13)

Figure 2.8: Rough surface with a mean value zj and fluctuations of z(x, y). The probability
distribution Pj(z) is displayed on the right (taken from [19]).
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2.4. MATHEMATICAL DESCRIPTION OF ROUGH INTERFACES

2.4 Mathematical description of rough interfaces

So far we concentrated on the specular signal only. However, the layers are not perfectly
flat but contain a small roughness that gives rise to the lateral structure of the interfaces.
These surfaces can be statistically described by the height-height correlation function
Cj(R) [23]

Cj(R) = 〈φj(r)φj(r + R)〉r (2.4.1)

where j represents the jth interface at position zj(R) = zj +φj(R). Here R = (x, y)T and
r denote vectors in the surface and 〈〉r stands for the average over the (x, y) plane. φj(R)
describes the height fluctuation of interface j at lateral position R with a mean value of
〈φj(r)〉r = 0 and roughness of σj =

√
Cj(0).

The most common correlation function Cj(R) for solid states is the correlation function
of a self-affine fractal surface given by

Cj(R) = σ2
j exp

−(R

ξj

)2hj
 , (2.4.2)

where ξ denotes the correlation length. If R < ξj , the surface appears self-affine rough and
for R > ξj the surface appears smooth. hj is the hurst parameter of the corresponding
interface with values between 0 and 1. For small values of hj the interfaces are extremely
jagged while numbers close to 1 describe smooth changing interfaces. Fig. 2.9 and 2.10
display possible real-space structures for different hurst parameters and lateral correlation
lengths. Fig. 2.9 shows various interfaces for a fixed lateral correlation length of ξ = 1000Å
and changing hurst parameter h. For h = 0.8 the interface looks rather smooth while for
h = 0.2 we recognize a much more jagged surface. Fig. 2.10 illustrates various interfaces
for a fixed hurst parameter h = 0.8 and varying lateral correlation lengths from ξ = 25Å
to ξ = 500Å. We notice that a smaller correlation length indicates a frequently changing
surface that appears rough compared to a large correlation length.
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CHAPTER 2. THEORY OF X-RAY DIFFRACTION

Figure 2.9: Interfaces with different hurst parameters h for a fixed lateral correlation
length ξ = 1000 Å. For h = 0.8 the profile along the interface is rather smooth while for
h = 0.2 the interfaces is jagged (taken from [23]).

Figure 2.10: Interfaces with different lateral correlation lengths ξ for a fixed hurst pa-
rameter h = 0.8. A lateral correlation length ξ = 500 Å corresponds to a rather flat
surface where the interface begins to look rough after 500 Å. A lateral correlation length
of ξ = 25 Å implies a rather frequent changing interface (taken from [23]).
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2.4. MATHEMATICAL DESCRIPTION OF ROUGH INTERFACES

With more than one layer present the cross correlation functions

Cjk(R) = 〈φj(r)φk(r + R)〉r (2.4.3)

have to be taken into account. The correlations of the roughness between the layers j and
k at the positions zj and zk can be written as

Cjk(R) = 1
2

[
σk
σj
Cj(R) + σj

σk
Ck(R)

]
exp

(
−|zj − zk|

ξ⊥,jk

)
, (2.4.4)

where ξ⊥,jk denotes the vertical correlation length meaning the distance until the corre-
lations between j and k decay by a factor of 1/e. If ξ⊥,jk is much larger than the layer
thickness, the layers are perfectly correlated while ξ⊥,jk = 0 describes completely uncor-
related interfaces [23]. Fig. 2.11 illustrates the cross correlation length (ξjk) and lateral
correlation length (ξj , ξk) of two correlated interfaces while Fig. 2.12 displays these values
with a small cross correlation between the interfaces.

Figure 2.11: Highly correlated interfaces with cross correlation length ξjk and lateral
correlation lengths ξj and ξk for layer j and k.

Figure 2.12: Weakly correlated interfaces with cross correlation length ξjk and lateral
correlation lengths ξj and ξk for layer j and k.
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2.5 Distorted Wave Born Approximation

Investigating interfaces of multilayers with X-ray reflectivity is a powerful technique to
obtain electron densities, thicknesses and roughnesses of individual layers. However, more
detailed information about the interface structure such as the in-plane correlation in a
rough interface can be accessed by the analysis of the nonspecular scattering signal. The
theoretical description of this nonspecular reflection is based on the distorted wave born
approximation (DWBA). We write the wave equation as [17]

(∆ + k2) |Ψ〉 = V (r) |Ψ〉 (2.5.1)

with the scattering potential V (r)

V (r) = k2
[
1− n2(r)

]
. (2.5.2)

k = 2π
λ is the absolute value of the wavevector and n(r) is the index of refraction [17].

The scattering potential can be expressed within the perturbation theory with V (0)(r) the
potential of the undisturbed (flat) system and V (1)(r) the small perturbation because of
the interface roughness:

V (r) = V (0)(r) + V (1)(r). (2.5.3)

Within the DWBA the averaged differential cross section from a random system is written
as

dσ
dΩ =

〈|V (0)
if + V

(1)
if |2〉

16π2 . (2.5.4)

V
(0)
if = 〈Ψf |V (0)|φi〉 is the transition matrix element of the unperturbed system while
V

(1)
if = 〈Ψf |V (1)|Ψi〉 represents its perturbation. This small perturbation causes the prob-

ability of a transition from state |Ψi〉 to |Ψf 〉 with ki 6= kf (see Eq. (2.5.6) and (2.5.7))
meaning that only the roughness generates the nonspecular scattering contribution [17].
The incident state is a plane wave

|φi〉 = exp(ikir) (2.5.5)

and

|Ψi〉 = Ti(z) exp [iki(z)r] +Ri(z) exp
[
ik′i(z)r

]
(2.5.6)

|Ψ̃f 〉 = T ∗f (z) exp
[
ik∗f (z)r

]
+R∗f (z) exp

[
ik

′∗
f (z)r

]
(2.5.7)
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2.5. DISTORTED WAVE BORN APPROXIMATION

are two independent eigenstates of the unperturbed system. Ri,f and Ti,f denote the
complex amplitudes of the reflected and transmitted beams for the states i and f and ki,f

their wavevectors.
The differential cross section from Eq. (2.5.4) can be split into the specular and the diffuse
part

dσ
dΩ =

( dσ
dΩ

)
spec

+
( dσ
dΩ

)
diff

(2.5.8)

with

( dσ
dΩ

)
spec

=
|V (0)
if + 〈V (1)

if 〉|2

16π2 (2.5.9)

( dσ
dΩ

)
diff

=
〈|V (1)

if |2〉 − |〈V
(1)
if 〉|2

16π2 . (2.5.10)

The matrix elements for the diffuse scattering can be calculated with the help of DWBA
to [23]

( dσ
dΩ

)
diff

= Gk2
1

16π2

N∑
j,k=1

(
n2
j − n2

j+1

) (
n2
k − n2

k+1

)∗
Cjk(Qr)

·
3∑

m,n=0
G̃mj G̃

n∗
k exp

[
−1

2
[
(Qmz,jσj)2 + (Qn∗z,kσk)2

]]
.

(2.5.11)

G denotes the irradiated area of the sample and Qm
j = (Qr, Q

m
z,j)T the momentum trans-

fer within each layer. Cjk(Qr) represents the Fourier transform of the cross-correlation
function of the interfaces. The values G̃mj = Gmj exp

(
−iQmz,jzj

)
can have four different

expressions due to analytic continuations of the wavefunctions at the interfaces. However,
only the solutions given in Table 2.1 fulfill Eq. (2.5.11) because only these two are invari-
ant against an exchange of ki and kf . Solution I leads to the results from [17] and [24].

Solution I Solution II

G0
j = Ti,j+1 Tf,j+1 Q0

j = ki,j+1 + kf,j+1 G0
j = Ti,j Tf,j Q0

j = ki,j + kf,j

G1
j = Ti,j+1Rf,j+1 Q1

j = ki,j+1 − kf,j+1 G1
j = Ti,j Rf,j Q1

j = ki,j − kf,j

G2
j = Ri,j+1 Tf,j+1 Q2

j = −Q1
j G2

j = Ri,j Tf,j Q2
j = −Q1

j

G3
j = Ri,j+1Rf,j+1 Q3

j = −Q0
j G3

j = Ri,j Rf,j Q3
j = −Q0

j

Table 2.1: Two possible solutions for Gmj and their corresponding wavevectors Qmj . Solu-
tion I was selected in [17] and [24] (taken from [23]).
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Eq. (2.5.11) can be written as [19]

Idiff(Q) = Gk
2
1

8π2

N∑
j,k=1

(
n2
j − n2

j+1

) (
n2
k − n2

k+1

)∗
·

3∑
m,n=0

G̃mj G̃
n∗
k exp

[
−1

2

[(
Qmz,j σj

)2
+
(
Qn∗z,k σk

)2
]]
Smnjk (Q)

(2.5.12)

with the scattering function Smnjk (Q)

Smnjk (Q) = 1
Qmz,j Q

n∗
z,k

∫ (
exp

(
Qmz,j Q

n∗
z,kCjk(R)

)
− 1

)
exp

(
−iQ‖R

)
dR. (2.5.13)

Q‖ = (0, 0) denotes the wavevector transfer for the specular reflection. For small Q we
can apply a Taylor expansion to the exponential in Eq. (2.5.13) and obtain

Smnjk (Q) = 1
Qmz,j Q

n∗
z,k

∫ (
Qmz,j Q

n∗
z,kCjk(R)

)
exp

(
−iQ‖R

)
dR. (2.5.14)

For the diffuse scattering the intensity of a single layer can be described by [24]

Idiff ∝
∣∣∣ti(αi)∣∣∣2 S(Qt)

∣∣∣tf (αf )
∣∣∣2 (2.5.15)

with the Fresnel transmission coefficients ti(αi) and tf (αf )

ti(αi) = 2ki,z
ki,z + kt,z;i

, tf (αf ) = 2kf,z
kf,z + kt,z;f

. (2.5.16)
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2.6 Grazing-incidence X-ray diffuse scattering

Grazing-incidence X-ray diffuse scattering (XDS) is a method to investigate thin films
using that the incident beam is totally external reflected from the substrate resulting in a
small-angle scattering of the refracted beam by a thin layer [25]. The method of XDS yields
information about internal structures of thin films in addition to top surface structures of
films and substrates [26].

Figure 2.13: Basic principle of XDS. An incident beam impinges on a sample at angle
αi and is reflected from the surface. Due to small roughness effects we see not only the
specular reflected beam but a signal that covers the full 2D range (αf , 2θf ) (adapted
from [26]).

Fig. 2.13 displays the geometry of XDS. A monochromatic X-ray beam with wavevector
ki impinges on a sample at very small angle αi along the x-direction. The X-ray beam is
scattered in kf direction with kf depending on 2θf and αf . The wavevector transfer Q

is defined as the difference between incident and exit wavevector

Q = kf − ki. (2.6.1)
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For the XDS geometry the scattering vector Q can be written as

Q = 2π
λ


cos(αf ) cos(2θf )− cos(αi)

cos(αf ) sin(2θf )
sin(αf ) + sin(αi)

 . (2.6.2)

An 2D XDS example pattern (see Fig. 2.14) can be simulated with the program BornAgain
[78] using a 20 nm thick Ta layer on a silicon substrate with a fixed cross correlation
length of ξcc = 200 nm, a hurst parameter of h = 0.3, rms roughness of σ = 0.6 nm and a
lateral correlation length of ξL = 30 nm. The detector area was chosen to be equal to the
experimental setup.

Figure 2.14: 2D XDS pattern for a 20 nm Ta layer on Si substrate with a cross correlation
length ξcc = 200 nm, lateral correlation length ξL = 30 nm, rms roughness σ = 0.6 nm and
hurst parameter h = 0.3 simulated with BornAgain.
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2.7 Examples of scattering intensities

In the following we show examples of the influence of lateral correlation length ξL, hurst
parameter h and cross correlation length ξcc on X-ray scattering profiles. For this purpose
we performed calculations using BornAgain with a 20 nm thick Ta layer on a silicon sub-
strate with a fixed cross correlation length of ξcc = 200 nm, a hurst parameter of h = 0.3
and a rms roughness of σ = 0.6 nm.
In a first step we vary the lateral correlation length ξL from 5 nm to 50 nm (Fig. 2.15,
2.16) and recognize that the increase of lateral correlations implies an intensity increase in
the Qz and the Qy direction. Additionally, the intensity decay in the Qy direction starts
at smaller Qy values for increasing the lateral correlation length, e.g. for ξL = 5 nm we
find the decrease starting at Qy = 5× 10−2 nm−1 while for ξL = 50 nm the decay starts
at Qy = 4× 10−3 nm−1.

Figure 2.15: Off-specular signal in Qz
direction for a 20 nm Ta layer on Si
substrate with a fixed cross correlation
length ξcc = 200 nm, a hurst parameter
h = 0.3, rms roughness σ = 0.6 nm and
varying lateral correlation ξL.

Figure 2.16: Off-specular signal in Qy
direction for a 20 nm Ta layer on Si
substrate with a fixed cross correlation
length ξcc = 200 nm, a hurst parameter
h = 0.3, rms roughness σ = 0.6 nm and
varying lateral correlation ξL.

As a second example we fix the lateral correlation length ξL to 30 nm and vary the hurst
parameter h from 0.1 to 1 as illustrated in Fig. 2.17 and 2.18. We find that an increasing
hurst parameter results in an increased intensity in both Q directions. In the Qy direction
we also see a difference in the decay meaning that an increasing hurst parameter h results
in a stronger decaying intensity for Qy > 0.03 nm−1.
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Figure 2.17: Off-specular signal in Qz
direction for a 20 nm Ta layer on Si
substrate with a fixed cross correlation
length ξcc = 200 nm, a lateral correla-
tion length ξL = 30 nm, rms roughness
σ = 0.6 nm and varying hurst parameter
h.

Figure 2.18: Off-specular signal in Qy
direction for a 20 nm Ta layer on Si
substrate with a fixed cross correlation
length ξcc = 200 nm, a lateral correla-
tion length ξL = 30 nm, rms roughness
σ = 0.6 nm and varying hurst parameter
h.

Finally. we vary the cross correlation length ξcc from ξcc = 200 nm to ξcc = 5 nm
(Fig. 2.19, 2.20) and find a significant change in the Qz direction. If the cross correlation
length gets smaller than the sample thickness, the Kiessig fringes start to vanish until we
cannot recognize any structure in the scattering signal anymore. Note that the Yoneda
peak intensity at Qz = 0.87 nm−1 is not affected by the decreasing cross correlation length
as it is attributed to the density from the surface only. In the Qy direction the change of
cross correlation lengths has just a minor effect.
Summarizing these effects we identify that the change of the lateral correlation length ξL
defines the position of the shoulder in the Qy direction while the hurst parameter h changes
the slope of the decay in Qy direction. The cross correlation length has an important effect
on the signal in Qz direction. We only see the scattering features, if the cross correlation
length is as large as the sample.
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Figure 2.19: Off-specular signal in Qz
direction for a 20 nm Ta layer on Si
substrate with a fixed lateral correla-
tion length ξL = 30 nm, rms roughness
σ = 0.6 nm, hurst parameter h = 0.3
and varying cross correlation length ξcc.

Figure 2.20: Off-specular signal in Qy
direction for a 20 nm Ta layer on Si
substrate with a fixed lateral correla-
tion length ξL = 30 nm, rms roughness
σ = 0.6 nm, hurst parameter h = 0.3
and varying cross correlation length ξcc.
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2.8 Out-of-plane scattering

The diffuse scattering function for self-affine surfaces is given by [24]

Sdiff (Q) = 2π
Q2
z

exp(−Q2
zσ

2)
∫ ∞

0
dR RF (Qz, R)J0(QrR) (2.8.1)

with

F (Qz, R) = exp(Q2
zσ

2 exp(−(R/ξL)2h))− 1. (2.8.2)

Since Qy � Qx we can simplify Qr =
√
Q2
x +Q2

y to Qr ≈ Qy and result in

Sdiff (Q) = 2π
Q2
z

exp(−Q2
zσ

2)
∫ ∞

0
dR RF (Qz, R)J0(QyR). (2.8.3)

In Fig. 2.21 we show the diffuse scattering function Sdiff as a function of Qy for different
Qz values and a fixed lateral correlation length ξL = 8 nm, hurst parameter h = 0.8 and
rms roughness σ = 0.6 nm. The scattering functions of the four different Qz values differ
only in intensity but have same shapes.

Figure 2.21: Diffuse scattering function Sdiff as a function of Qy with varying Qz and fixed
σ = 0.6 nm, ξ = 8 nm and h = 0.8.
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For small Qy values the scattering function remains constant and then starts to decay
starting from Qy = 3× 10−1 nm−1 following a power law of (numerical evaluation of Eq.
(2.8.2) and (2.8.3))

Sdiff ∼
1
Qmy

. (2.8.4)

The exponent m is then a function of

m ∼ − log10(Sdiff ·Qy) (2.8.5)

and depends on the Qz value, the rms roughness σ, the lateral correlation length ξL and
the hurst parameter h. Fig. 2.22 illustrates the exponent m as a function of the hurst
parameter h for different Qz values and fixed lateral correlation length ξL = 8 nm and
rms roughness σ = 0.6 nm. We note that the exponent m decreases for increasing hurst
parameter h. A decreasing Qz value corresponds to the smaller slope of the exponent. For
a hurst parameter h ≈ 0.7 the exponent is equal for all Qz values.
Using a larger roughness of σ = 1.5 nm (Fig. 2.23) we notice that m is increasing, e.g.
from −1.8 to −1.0 for Qz = 2.1 nm−1. The increased roughness of 1.5 nm implies that the
exponents m indicate a larger variation, e.g. for h = 0.4 the exponent is varying between
m = −0.7 and m = −1.9.

Figure 2.22: Exponent m as a function
of the hurst parameter h for different
Qz values and a fixed lateral correla-
tion length ξ = 8 nm, rms roughness
σ = 0.6 nm for a single interface.

Figure 2.23: Exponent m as a function
of the hurst parameter h for different
Qz values and a fixed lateral correla-
tion length ξ = 8 nm, rms roughness
σ = 1.5 nm for a single interface.
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Chapter 3

Theory of plasma dynamics

This thesis primarily focuses on the analysis of X-ray scattering data. However, for reasons
of completeness the fundamental effects of plasma dynamics will be explained in this
chapter. In section 3.1, we shortly describe the basic equations of motion of an electron in
an electromagnetic plane wave. In section 3.2, we show the most important phenomena
of laser matter interaction in overdense plasmas.

3.1 Motion of an electron in an electromagnetic plane wave

Plasma is one of the four states of matter and consists of a gas of ions and free electrons.
In our X-ray diffuse scattering experiment, we are sensitive to dispersion profile directly
connected to the electron density. The motion of a single electron travelling through an
electromagnetic field E and B is experiencing the Lorentz force [1]

dp

dt = −e
(

E + 1
c

v ×B

)
(3.1.1)

with momentum p = γmv and the relativistic factor γ =
√

1 + p2

m2c2 . By determining the
dot product we yield the energy equation

d
dt
(
γmc2

)
= −e (v ·E) . (3.1.2)

An elliptically polarized plane wave A(ω,k) that travels into the positive x-direction is
described by

A =


0

δa0 cosφ√
1− δ2 a0 sinφ

 (3.1.3)

27



CHAPTER 3. THEORY OF PLASMA DYNAMICS

with the phase φ = ωt− kx, the normalized amplitude a0 and the polarization parameter
δ = {±1, 0} for linear polarization and δ = ±1/

√
2 for circular polarization. In the

following we use the normalizations

t→ ωt

x→ kx

v → v

c

p→ p

mc

A→ eA

mc2 .

(3.1.4)

With E = −∂A
∂t and B = ∇ × A the perpendicular part of the momentum p⊥ in Eq.

(3.1.1) can be written as

dp⊥
dt = dA

dt + vx
dA

dx . (3.1.5)

Integration yields

p⊥ −A = p⊥0 (3.1.6)

with the initial perpendicular momentum of the electrons p⊥0. Taking the longitudinal
components of Eq. (3.1.1) and (3.1.2) into account we get

dpx
dt −

dγ
dt = −vy

(
∂Ay
∂t

+ ∂Ay
∂x

)
− vz

(
∂Az
∂t

+ ∂Az
∂x

)
. (3.1.7)

Integration results in

γ − px = α (3.1.8)

where α is a constant of motion which has to be determined. With γ2 − p2
x − p2

⊥ = 1
and assuming p⊥ = 0, we obtain a connection between longitudinal and perpendicular
momenta

px = 1− α2 + p2
⊥

2α . (3.1.9)

This is the general solution for the motion of free electrons in the presence of an electro-
magnetic field [27]. To determine α we integrate Eq. (3.1.6) and (3.1.9). With

dφ
dt = ∂φ

∂t
+ px

γ

∂φ

∂x
= α

γ
(3.1.10)
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one obtains

p = γ
dr

dt = γ
dφ
dt

dr

dφ = α
dr

dφ. (3.1.11)

With Eq. (3.1.11) we can determine the electron orbits, e.g. in laboratory frame or in
average rest frame as illustrated in Fig. 3.1.

Figure 3.1: left: Electron orbits in a linearly polarized plane wave in laboratory frame
for different normalized amplitudes a0. right: Electron orbits in a linearly polarized plane
wave in average rest frame for different relative laser pump strengths a0 (taken from [1]).

3.2 Interaction with solids: overdense plasmas

In practice we do not investigate single electrons but more complex systems as metals
which require a more complex description since several phenomena (described in this
section) contribute depending on the laser intensity that can vary over seven orders of
magnitude. Additionally, the physics of classical laser-plasmas are no longer valid for
short-pulse interactions. In this section, we will briefly discuss the most important effects
of short-pulse laser interactions in overdense plasmas.

3.2.1 Ionization

Field ionization due to laser excitation creates a surface plasma with a density nfree that
is much larger than the critical density nc which is the density where the plasma becomes
opaque for electromagnetic waves with frequency ω. This relation can be described by

ω2 = 4πe2nc
m

(3.2.1)

29



CHAPTER 3. THEORY OF PLASMA DYNAMICS

with e the electron charge and m the electron mass. For the experiments described in this
thesis this implies a critical density of nc ≈ 8.8× 1020 cm−3. The free electron density
produced due to laser excitation is expressed as

nfree = Z∗ni = Z∗NA ρ

A
(3.2.2)

where Z∗ denotes the effective ion charge, NA the Avogadro number, ρ the density and A
the atomic number. Here, the free electron density is on the order of 1023 cm−3.
For high density plasmas a local thermal equilibrium (LTE) is achieved, thus the ionization
states can be treated as a statistical process. The relative ion populations can be calculated
with the help of the Saha-Boltzmann equation [28]

nfreenZ+1
nZ

= gZ+1
gZ

2m3

h3

(2πTe
m

) 3
2

exp
(
−∆EZ

Te

)
(3.2.3)

with the ion densities nZ , nZ+1 belonging to the respective ionization states Z and Z + 1.
gZ and gZ+1 denote the according statistical weights and ∆EZ represents the energy
difference between these states. Eq. (3.2.3) is only valid for

∑
Z

nZ = n0,
∑
Z

ZnZ = nfree, (3.2.4)

which provides the relative proportions of ions and the net electron density as a function
of temperature. However, due to short pulse laser irradiation optically thin plasmas are
produced that cover a range of several orders of magnitude in density and temperature.
This situation is called non-LTE and needs to be solved with time-dependent atomic rate
equations to find the charge distribution according to

dnZ
dt = nfreenZ−1S(Z − 1)− nfreenZ [S(Z) + α(Z)] + nfreenZ+1α(Z + 1). (3.2.5)

S(Z) denotes the ionization rate and α(Z) the recombination rate as a function of the ion
charge state Z, respectively. α(Z) generally has different contributions as radiative, 3-
body collisional and dielectric recombination. For high Z elements this equation becomes
quite difficult and is not analytically solvable anymore, also because S(Z) or α(Z) often
unknown. In practice, approximation models with a reduced number of equations are used
such as [29–31].
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3.2.2 Collisional absorption

Because of the short pulse duration an underdense region is formed at the surface by
ablation with an ablation velocity

cs =
√
Z∗kBTe
mi

(3.2.6)

on the order of the sound velocity. Here, kB denotes the Boltzmann constant, Te is the
electron temperature and mi the ion mass. For an isothermal expansion of the plasma [32]
the density profile will decrease exponentially with a length scale of

L = csτL ≈ 3
(
Te

keV

)1/2 (Z∗
A

)
τfs Å (3.2.7)

with τL the laser pulse duration. Assuming a 40 fs Ti:sapphire laser heats the target to
20 eV with A = 181 and Z∗ = 2 results in a length scale of L ≈ 1.2Å meaning that the
prepulse created by amplified spontaneous emission is so small so that the surface remains
unperturbed until the main pulse arrives at the sample [1]. The main laser pulse impinges
on the plasma surface behaving as a mirror-like wall. The electromagnetic field is forming
a standing wave in front of the target while an evanescent wave penetrates the overdense
plasma region up to a skin depth ls of

ls = c

ωp
, (3.2.8)

that is on the order of several nanometers.
To calculate the absorption coefficient for arbitrarily shaped density profiles the Helmholtz
equations for electromagnetic wave propagation in an inhomogeneous plasma need to be
solved

∂2Ez
∂x2 + k2(ε(x)− sin2 θ)Ez = 0 (3.2.9)

where

ε(x) = n2(x) = 1− n0(x)/nc
1 + iνei

ω

(3.2.10)

is the dielectric constant of the medium. νei represents the electron-ion collision frequency
[32,33]. It is important that the wave modes are transverse only following that there is no
coupling between s-polarized EM waves and electrostatic modes.
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In a next step we consider a p-polarized wave E1 = (Ex, Ey, 0) with ∇ ·E1 6= 0 (see
Fig. 3.2) meaning that a component of the laser field points in the same direction as the
density gradient implying that there occur driven plasma waves along the light path. With
this assumption we obtain the Helmholtz equation for the magnetic field B

∂2Bz
∂x2 −

1
ε

∂ε

∂x

∂Bz
∂x

+ k2(ε− sin2 θ)Bz = 0. (3.2.11)

For lasers with pulse durations in the femtosecond regime it is kL � 1 implying that no
analytical solution of Eq. (3.2.11) is possible. However, numerical solutions are presented
e.g. in [35–38].

Figure 3.2: Schematic of an incident plane wave on a plasma surface for p-polarized light
(adapted from [34]).

Normal skin effect

For L → 0 the sample surface has a sharp density step so that the formalism of Fresnel
absorption of metals can be applied. Considering s-polarized light we start from Eq.
(3.2.9) and define the density using a Heaviside step function Θ(x)

n0(x) = n0Θ(x). (3.2.12)
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Here, we neglect collisions such that Eq. (3.2.10) simplifies to

ε(x) = 1−
ω2
p

ω2 Θ(x). (3.2.13)

For x < 0 (vacuum) the Helmholtz equation can be solved to

Ez = 2E0 sin (kx cos θ + φ) (3.2.14)

with the wavevector k = ω
c , the amplitude of the laser field E0 and the phase factor φ

determined via

tanφ = −ls
ω

c
cos θ. (3.2.15)

In the overdense region, the evanescent field is decaying exponentially

Ez = E(0) exp
(
− x
ls

)
(3.2.16)

with the skin depth ls (see Eq. (3.2.8)) and E(0)

E(0) = 2E0
ω

ωp
cos Θ. (3.2.17)

An example for an s-polarized wave impinging on a steep density gradient is illustrated in
Fig. 3.3.

n0/nc

E2(0)=2E0
2nc/n0

F
ie
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n
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n
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Figure 3.3: Field intensity of electromagnetic fields penetrating into a plasma skin-layer.
The red line denotes the square of the electric field E2

z and the blue dashed line represents
the magnetic field B2

y (adapted from [1]).
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Now electron-ion collisions are taken into account implying that the plasma behaves
like a metal surface with finite conductivity. The Fresnel equations can then be written
as [39]

Rs =
∣∣∣ sin(θ−θt)
sin(θ+θt)

∣∣∣2 for s-polarized light (3.2.18)

Rp =
∣∣∣ tan(θ−θt)
tan(θ+θt)

∣∣∣2 for p-polarized light (3.2.19)

with θ the incident angle and θt the complex angle of the transmitted light

θt = sin−1
(sin θ

n

)
, (3.2.20)

with the refractive index n =
√
ε. To calculate the absorption coefficient we split the

dielectric constant and the refractive index into their real and imaginary parts ε = εr + iεi

and n = nr + ini [39, 40], which yields

εr = 1−
ω̃2
p

1 + ν2 = n2
r − n2

i , (3.2.21)

εi =
νω̃2

p

1 + ν2 = 2nrni. (3.2.22)

Here, it is ω̃p = ωp

ω and ν = νei
ω . With these assumptions the Fresnel equations simplify to

Rs = Rp =
∣∣∣1−n1+n

∣∣∣2 (3.2.23)

and we result in the absorption function

η = 1−Rs = 4nr
(1 + nr)2 + n2

i

. (3.2.24)

The calculation reduces in determining nr and ni. By assuming highly overdense plasma
(ω̃2
p � 1) we distinguish between light (ν � 1) and heavy (ν > 1) damping. For both

cases we calculate Eq. (3.2.21) and Eq. (3.2.22) resulting in the absorption coefficient for
the normal skin effect (NSE) [41,42]

ηnse =


2νei
ωp

νei � ω0
2ω0
ωp

√
νei
ω0

νei > ω0.
(3.2.25)

It is evident that the electric field in the overdense plasma decays exponentially

E(x) = E(0) exp
(
− x
δs

)
(3.2.26)

with the electric field at the plasma-vacuum boundary E(0) and the effective collisional
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skin-depth δs

δs = c

ωp

√
|1 + iν|. (3.2.27)

Theoretically, Eq. (3.2.25) can be used to retrieve information about the transport proper-
ties of high density plasmas. However, analytically this is an almost impossible challenge.
Numerically, one can calculate the absorption or reflectivity experimentally and compare
these to common models such as [43–48].

3.2.3 Heating and thermal conduction

It is obvious that absorption of laser energy and thermal heating of the target material are
correlated and should be taken into account simultaneously [41]. However, we first con-
centrate on thermal heating without any absorption effects. We consider the propagation
of a non-linear heat-wave into a cold, conducting, semi-infinite medium with a continuous
heat source at one boundary that can be treated by the energy transport equation for a
collisional plasma

∂ε

∂t
+∇ · (q + Φa) = 0 (3.2.28)

with the energy density ε, the heat flow q and the absorbed laser flux Φa = ηaΦL.
The most common model is the model of volume heating. Assuming that the penetration
depth of the heatwave lh during the pulse duration is smaller than the skin depth ls we
can neglect the thermal transport and get

dTe
dt ≈

Φa

nfreels
. (3.2.29)

Substituting ε = 3
2nfreekBTe yields

d
dt (kBTe) ≈ 4 Φa

Wcm−2

(
nfree
cm−3

)−1 ( ls
cm

)−1
keV fs−1 (3.2.30)

resulting in an initial heating rate at the plasma surface of ∼ 1 keV fs−1 for a laser intensity
of 1015 Wcm−2. Because of the hugh temperature gradient after a few femtoseconds the
heat is transported into the cold target material. For an ideal plasma, the heat flow can
be written as [49,50]

q(x) = −κe
∂Te
∂x

(3.2.31)
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with κe the Spitzer thermal conductivity. By assuming just one spatial dimension we can
determine the diffusion equation for Te

3
2nfreekB

∂Te
∂t

= ∂

∂x

(
κe
∂Te
∂x

)
+ ∂ΦL

∂x
. (3.2.32)

Eq. (3.2.32) has a well-known self-similar solution [51]. By solving this equation one
finds that the shape of the heatwave stays constant during the penetration of the target
although the surface temperature is increasing. We illustrate this in Fig. 3.4 displaying
the electron temperature Te as a function of the depth x for different time steps.

Figure 3.4: Nonlinear heatwave propagating into a solid density plasma at different time
steps (taken from [1]).

For determining the self-similar solution we substitute the variables to dimensionless
parameters τ = t/t0, ξ = x/(v0t0) and Θ = Te/(mv2

0) with t0 and v0 being time and
velocity constants [52].
We plug these substitutions into Eq. (3.2.32) and end up in

∂Θ
∂τ

= ∂

∂ξ

(
Θ

5
2
∂Θ
∂ξ

)
(3.2.33)

with the boundary condition that at the edge of the target the heat flow into the plasma
is equal to the laser flux at that position

Θ5/2 ∂Θ
∂ξ

∣∣∣∣
ξ=0

= −1. (3.2.34)

By choosing ζ = ξ/τα we find that Eq. (3.2.33) reduces to a nonlinear ordinary differential
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equation

d
dζ

(
Ψ5/2∂Ψ

∂ζ

)
− 2Ψ

9 + 7ζ
9
∂Ψ
∂ζ

= 0 (3.2.35)

with the boundary condition to be

Ψ5/2∂Ψ
∂ζ

∣∣∣∣
ζ=0

= −1. (3.2.36)

This differential equation is not analytically solvable but can be determined with numerical
methods as shown in [1]. We end up with a surface temperature of

Te(0) = 250
(

nfree
1023 cm−3

)−2/9
Z2/9

(
Ia

1015 Wcm−2

)4/9 ( t

100 fs

)2/9
eV (3.2.37)

depending on the free electron density nfree, the ion charge Z, the absorbed laser intensity
Ia and the time t. However, this model overestimates the temperature since absorption
effects are not taken into account. By including collisional absorption we obtain a surface
temperature of [52]

Te(0) = 119
(

nfree
1023 cm−3

)1/12
Z1/12

(
Ia

1015 Wcm−2

)1/3 ( t

100 fs

)1/6
eV. (3.2.38)

Fig. 3.5 illustrates the electron temperature at the plasma surface as a function of time
for the model without absorption (see Eq. (3.2.37)) and with absorption effects (see Eq.
(3.2.38)). Here, we assumed nfree = 1× 1023 cm−3, Z = 2 and Ia = 1× 1015 Wcm−2 and
found a significant difference in the electron temperature for times > 100 fs.
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Figure 3.5: Electron temperature at the plasma surface as a function of time comparing
two different models with nfree = 1× 1023 cm−3, Z = 2 and Ia = 1× 1015 W/cm2.

3.2.4 Hydrodynamics

The theory of hydrodynamics is based on the two-fluid plasma model which consists of
continuity, momentum and energy equations for electrons and ions solved in [32,33,53].
For a quasi-neutral plasma (nfree = Zni) the mass and momentum transport is dominated
by the ions resulting in an average fluid density ρ and velocity u

ρ ≡ niM + nfreem ≈ niM (3.2.39)

u ≡ 1
ρ

(niM ui + nfreemue) ≈ ui (3.2.40)

with the ion mass M and the electron mass m. These approximations allow us to reduce
the problem to a single-fluid one, but usually both energy equations are required to treat
the temperature difference between electrons and ions. Based on these equations we find
four essential equations for the laser-plasma hydro code given by [54]

∂ρ

∂t
+∇ · (ρu) = 0 (3.2.41)

∂ρu

∂t
+∇ · (ρuu) +∇P − fp = 0 (3.2.42)

∂εe
∂t

+∇ ·
[
u (εe + Pe)− κe∇Te −

Qei

γe − 1 −Φa

]
= 0 (3.2.43)

∂εi
∂t

+∇ ·
[
u (εi + Pi)− κi∇Ti + Qei

γi − 1

]
= 0. (3.2.44)
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εe,i denotes the energy density of electrons and ions and is defined by the sum of internal
and kinetic fluid energies

εe,i = Pe,i
γe,i − 1 + 1

2ρu
2 (3.2.45)

with the number of degrees of freedom for the electrons or ions γe,i. The electron-ion
equipartition rate Qei is defined as [55]

Qei = 2m
M

nfreekB(Te − Ti)
τei

(3.2.46)

where τei = ν−1
ei describes the electron-ion collision time. κe and κi denote the thermal

conductivities [55], Φa is the absorption term and fp represents the ponderomotive force
give by

fp = −
ω2
p

16πω2∇E
2
L. (3.2.47)

Note that the ponderomotive force acts only on the electrons. To determine the pressures
and temperatures of the fluid, a so called equation of states is applied. This is connected
via the ideal gas law Pα = kB nα Tα for low densities or via the Thomas-Fermi model at
high densities [56].
The five effects described in this chapter form the basis of many models used in short pulse
laser plasma interaction. Unfortunately, this is not analytically solvable leading to rather
complex and time consuming numerical simulations. This thesis shall help to benchmark
and improve the existing models and simulations.
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Chapter 4

Experimental setup

In this chapter, the experimental realizations are shown and explained. In section 4.1,
we explain the main principles of Free-Electron Lasers, followed by a short description
of high-intensity near-infrared lasers in section 4.2. We performed the experiment at the
SACLA FEL facility in Japan as shown in section 4.3. Detailed information about the
realization of the experiment can be found in section 4.4. The production of the multilayer
samples is presented in section 4.5 and the characterization of these multilayer samples is
shown in section 4.6.

4.1 Free-Electron Lasers

With the advent of X-ray radiation from X-ray tubes discovered by Wilhelm Conrad
Röntgen in 1895 a complete new scientific field (e.g. physics, chemistry and medicine)
emerged [57]. In 1947, the first synchrotron light was observed with several orders of mag-
nitude higher photon energies and intensities as illustrated in Fig. 4.1 [58]. The principles
of X-ray production have been further developed during the last decades so that the first
XUV Free-Electron Laser (FLASH) was built in Hamburg in 2005 [59]. 4 years later, the
first hard X-ray FEL facility (LCLS) has been established in Stanford [60].
For the experiment shown in this thesis, it is required to have femtosecond to picosecond
single shot time resolution, nanometer spatial resolution and surface sensitivity which is
only provided by X-ray Free-Electron Lasers (XFELS).
In the following, we discuss the basic principles of Free-Electron Lasers. Electrons gener-
ated by an electron gun optimized for low emittance are accelerated in a linear accelerator
(LINAC) close to the speed of light v ≈ c and electron pulses are shortened by bunch
compression schemes. The accelerated electrons are entering the undulator consisting of
magnets with alternating polarity (Fig. 4.2) which produce a sinusoidal magnetic field

B(z) = B0 cos
(2π
λu
z

)
ŷ (4.1.1)
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with B0 the maximum intensity of the magnetic field and λu the undulator period length
[61].

Figure 4.1: Evolution of the peak brilliance over the last 150 years. The Free-Electron
Laser has a peak brilliance that is orders of magnitude higher compared to a synchrotron
(taken from [62]).

Figure 4.2: Sketch of an undulator with undulator period λu. Electrons travel a sinusoidal
trajectory forced by the periodic magnetic arrays (adapted from [61]).
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The electrons travelling through the magnetic field are affected by the Lorentz force
FL = ev ×B meaning that the electrons gain a momentum in x-direction

dpx
dt = −edzdt B0 cos

(2π
λu
z

)
. (4.1.2)

Integrating Eq. (4.1.2) yields the transverse velocity

vx = −Kc
γ

sin
(2π
λu
z

)
(4.1.3)

with the non-dimensional undulator parameter K [61]

K = eB0 λu
2πme c

= 0.934 B0[T]λu[cm]. (4.1.4)

Assuming that the emitted photons in the undulator are interfering constructively we can
determine the resonant photon wavelength λph to

λph = λu
2γ2

(
1 + K2

2

)
. (4.1.5)

Since the electron longitudinal velocity u is slightly smaller than the speed of light c, the
electrons and the electromagnetic wave have a small space shift ∆s of

∆s = λu
2

(
1− u

c

)
. (4.1.6)

Since the electrons transfer energy to the wave their longitudinal velocity decreases from
u to (u−∆u) so that they are less favourable to transfer energy to the wave [63]. When
the velocity difference ∆u increases, we will reach the point where the electrons do not
transfer energy to the wave anymore, but the wave gives energy to the electrons. That
process continues until u has increased to its initial conditions. That leads to a periodic
density modulation of the electron bunch that has the same period as the radiation field.
This process is called microbunching [63]. A schemtatic overview is shown in Fig. 4.3. If
the undulator is long enough the electrons radiate coherently and amplify the radiation
field leading to increased microbunching. That results in an exponential growth of the
radiation power P scaling with the number of electrons P ∼ N2

e (Fig. 4.4). This implies
a high peak power of the XFEL more than several tens of gigawatts [64]. When the
microbunches are equal to the repulsion forces the radiation power saturates.
Microbunching and the subsequent amplification of the emitted radiation is called Self-
Amplified Spontaneous Emission (SASE) and is the key working principle of Free-Electron
Lasers [63]. SASE emerges from shot noise in the electron beam and produces an X-ray
spectrum containing sharp peaks that vary in intensity, position and photon energy from
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shot to shot. Fig. 4.5 illustrates an example of three individual shots (colored) and the
average over 100 shots (black).

Figure 4.3: Microbunching is forced by the speed difference u < c. Top: The magnetic
field BW and the electron transverse velocity vT create a longitudinal Lorentz force f that
pushes the electrons to the same position. Bottom: While the electron travels one-half
undulator period the wave is travelling additional one-half wavelength following that both,
the electron transverse velocity vT and the magnetic field BW are reversed. The Lorentz
force f acts on the same directions and microbunching continues (taken from [63]).

Figure 4.4: Energy increase as a function of undulator distance. The orange patterns
illustrate the electron beam microbunching (taken from [65]).
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Figure 4.5: Individual SASE FEL pulses at an average wavelength of 13.73 nm. The
single-shot spectra show two to three peaks which fluctuate in size, position and height
from shot to shot. The average spectrum of 100 FEL pulses is wider than the individual
spikes (taken from [66]).
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4.2 High-intensity near-infrared laser

The focused intensity of high intensity lasers has increased rapidly during the last 60 years.
With the development of chirped-pulse amplification in the 1980s the lasers were even able
to accelerate electrons to relativistic velocities (Fig. 4.6).

Figure 4.6: Focused intensity of a high-intensity laser during the last 60 years (taken
from [67]).

At SACLA, we used a Ti:sapphire (Ti:S) laser with chirped pulse amplification system
(CPA) and mode-locked oscillator (see Fig. 4.7). A synchronized optical laser is the key
technology for time-resolved pump-probe experiments.

In a free-running laser, phases of equally spaced longitudinal modes with frequency
spacing ∆ are a set of random numbers meaning that an infinitive series of identical bursts
of incoherent light are produced spaced by a time of t = 2π/∆ [69]. For the locked-mode
oscillator all modes are forced into equal phases following that they add constructively to
a very intense and short burst of light (see Fig. 4.8).
The electric field of this pulse can be written as

E(t) = E(t) · eiΓ(t) = E(t) · eiϕ(t) · eiω0t (4.2.1)

with ϕ(t) the time dependent phase, E(t) the field envelope and ω0 the central frequency
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Figure 4.7: Setup of synchronized Ti:sapphire laser (Fig. taken from [68]).

of the pulse. The time dependent carrier frequency ω(t) is the derivative of the phase
factor Γ(t) and can be written as

ω(t) = ω0 + d
dtϕ(t). (4.2.2)

If dϕ/dt varies with time, the frequency is called to be „chirped“. In the laser cavity, the
pulses propagate to different media as air or glass following that the pulses get chirped. To
circumvent these longer pulses, special mirrors (chirp mirrors) can be applied to shorten
the pulses.

Figure 4.8: Illustration of mode-locking. The red curve shows the electric field for random
phases and the blue curve presents the mode-locked phases (Fig. taken from [70]).
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Fig. 4.9 illustrates the setup of a Ti:sapphire oscillator where a laser pump is focused
into a Ti:S crystal. Due to several mirrors and lenses it gets focused and reaches the chirp
mirror in the end which is a combination of different layers with high and low refractive
indices resulting in a wavelength dependent penetration depth (see Fig. 4.10) in order to
compress the bunch.

Figure 4.9: Schematic setup of a femtosecond Ti:sapphire laser (Fig. taken from [69]).

Figure 4.10: Illustration of chirp mirror. Due to materials with different refractive index
the penetration depth is wavelength dependent (Fig. taken from [69]).
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4.3 SACLA FEL facility

The XDS experiment has been performed at the HEDS station of the SPring-8 Angstrom
Compact free-electron LAser (SACLA) facility located in Japan [64]. Fig. 4.11 illustrates
a schematic setup of the SACLA XFEL. A graphite heater is heated up and injects the
electrons into the linear accelerator (LINAC). This accelerator building has a length of
400 m and consists of C-band accelerators to bring the electrons up to a maximum energy
of Emax = 8.5 GeV. After 400 m the electrons reach the undulator building with a length of
240 m. SACLA is the first compact XFEL facility in the world that uses the technology of
in-vacuum undulators that allow just a small gap between the magnetic arrays (1.5 mm)
in order to produce a higher magnetic field compared to conventional undulators. By
investigating Eq. (4.1.5) one finds that a shorter undulator period L implies a shorter-
wavelength radiation λ. It follows by using the in-vacuum undulators a reduced beam
energy γ produced in the linear accelerator (accelerator length 400 m [71]) yields the same
short-wavelength radiation as using the standard undulator technique (e.g. European
XFEL accelerator length 1.7 km [72]). The accelerator parameters of SACLA can be
found in Table 4.1. Fig. 4.12 shows the SACLA facility area with the XFEL on the
top left and the SPring-8 Synchrotron at the top right. Fig. 4.13 illustrates the three
beamlines and their experimental stations of SACLA.

Figure 4.11: Schematic setup of SACLA XFEL (Fig. adapted from [71]).

maximum electron energy Emax 8.5 GeV

minimal wavelength λmin 0.08 nm

pulses per second 60

total facility length 700 m

Table 4.1: Accelerator parameters of SACLA [71,72].
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Figure 4.12: SPring-8 facility with syn-
chrotron and FEL (Fig. taken from [73]).

Figure 4.13: Overview over beamlines at
SACLA (Fig. taken from [73]).

4.4 Experimental details

In this thesis datasets of two experiments are shown and analyzed. For both experiments
we used the same experimental setup but with partially different experimental parameters,
e.g. laser energy. In this section the details of the first experiment are described while the
parameters of the second experiment are listed in Table 4.2.
Fig. 4.14 shows a photo of the experimental chamber where the setup is built in. On the
right the detector is located. Fig. 4.15 illustrates the setup in the chamber.
The experimental setup is depicted in Fig. 4.16. We employed X-ray pulses of photon
energy 8.81 keV, pulse intensities of ∼100 µJ and pulse duration 7 fs. The scattered signal
is recorded on a 2D area detector multi-port charge-coupled device (MPCCD) which was
designed for the SACLA XFEL light source with a frame rate of 30 Hz, 1024× 512 pixels
with a pixel size of 50 µm, and placed at a distance of 1.27 m from the sample and shielded
by a 50 µm thick Al foil to reduce plasma-induced background.The sample is irradiated by
an near-infrared (NIR) laser with λ = 800 nm wavelength, 40 fs FWHM pulse duration,
∼0.07 J energy impinging on the sample surface at 17◦ incident angle from the surface
normal. In order to match with the X-ray footprint on the sample (4 µm FWHM for
0.64◦ grazing incidence yields 360 µm on sample), the laser beam has been defocused to
a diameter of 600 µm yielding an average laser intensity of about 4× 1014 W/cm2. The
non-collinear geometry between X-ray beam and NIR laser in combination with a large
X-ray footprint leads to a temporal resolution of about 1.2 ps as illustrated in Fig. 4.17.
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Figure 4.14: Photo from experimen-
tal chamber. In the front right is the
MPCCD detector.

Figure 4.15: Illustration of experimental setup in
the chamber (adapted from [74]).

Figure 4.16: Schematics of the experimental setup of the grazing incidence X-ray diffuse
scattering (XDS) experiment for investigating the surface dynamics of a solid-density
plasma.
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The multilayer (ML) samples consist of five repeats of Ta and Cu3N grown onto a
700 µm thick silicon wafer carrying a Ta seed layer on a 100 nm thick layer of thermal silicon
oxide yielding a ML structure of [Ta 4.3 nm / Cu3N 11.5 nm]5 Ta(4.3 nm) SiO2(100 nm)
Si. The wafers have been laser-cut into hundreds of small samples of size 4 × 7 mm2

and mounted on plates shown in Fig. 4.18. These plates have been fixed on a rotation
wheel (Fig. 4.19) and each pre-aligned by means of an X-ray reflectivity scan using the
attenuated SACLA X-ray beam. For the XDS experiment we fixed the incident angle to
0.64◦ corresponding to the intense ML Bragg peak at Q = 0.99 nm−1. Thanks to the high
pulse intensities provided by the XFEL, we could successfully record single pulse XDS
patterns covering a Q-range up to 1.4 nm−1. The strong specular signal at the exit angle
0.64◦ is blocked by a beamstop.

Figure 4.17: Time resolution in the experiment as a result of the non-collinear geometry
of laser and X-ray and the X-ray footprint.

Experiment 1 Experiment 2
Laser intensity 4× 1014 W/cm2 − 4× 1015 W/cm2 8× 1014 W/cm2 − 8× 1015 W/cm2

Incident angle 0.64◦ 0.75◦

Incident Qz-vector 0.99 nm−1 1.16 nm−1

Qz-range up to 1.4 nm−1 up to 2.6 nm−1

Sample-detector distance 1.277 m 1.243 m
Number of pixels 1024× 512 2200× 600

Table 4.2: Experimental parameters of both experiments.
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Figure 4.18: The multilayer samples
were mounted on these plates with an
angle of 45◦ compared to the surface.

Figure 4.19: The plates were fixed on a
rotation wheel.
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4.5 Production of multilayer samples

The multilayer samples have been produced at the University of Mainz by the group of
Prof. Kläui using the technique of DC magnetron sputtering.
Magnetron sputtering is a type of Physical Vapor Deposition (PVD) that is able to transfer
a target material onto a substrate and to form thin films by high energetic particles (i.e.
ionized gas atoms) hitting the solid target and breaking the corresponding atoms [75] as
shown in Fig. 4.20. For magnetron sputtering, the target material is already present
as a metal, oxide or alloy and is positioned on a magnetic system producing a toroidal
magnetic field at the target surface. The target and substrate are inserted into a high
vacuum and a so-called „sputter agent“, that is usually Argon gas, is added. Additionally,
an electric potential is generated accelerating the more and more ionized Argon atoms in
the target direction. If the kinetic energy of the atoms is large enough, they can break
free single target atoms and scatter them into the argon plasma. The free atoms travel
perpendicular from the target and reach the substrate. Because of the high vacuum the
collision probability between Argon ions and target atoms is decreased achieving sufficient
impact and diffusion rates. The scattered atoms reach the substrate rather slowly meaning
that the already sputtered atoms have time to diffuse, rearrange and form homogeneous
layers.

Figure 4.20: Schematic setup of DC magnetron sputtering (adapted from [76]).

The deposition of thin films is a complicated process and can cause defects as vacancies
or islands implying that the thin film can differ significantly. To reduce these surface
defects an initial seed layer is employed that is known to grow well on the substrate and
also allows a homogeneous growth of layer material. By using the technique of magnetron
sputtering several multilayers have been grown on a 700 µm thick silicon wafer.
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4.6 Sample characterization

We performed X-ray reflectivity (XRR) experiments (see Fig. 4.21) at the synchrotron
DELTA in Dortmund to characterize the sample properties of the individual layers such
as dispersion δ, absorption β and rms roughness σ.

Figure 4.21: Schematic setup of the X-ray reflectivity experiment. X-ray beam and de-
tector are located at the same angular position and move simultaneously to record the
scattered intensity.

Modelling the data yields the dispersion profile - note that the dispersion is related to
X-ray wavelength λX-ray and electron density ρe via

ρe = 2πδ
reλ2

X-ray
(4.6.1)

and re = 2.817 · 10−15 m the classical electron radius. To be precise, that is only true for
frequencies much larger than the resonance frequencies ω � ωj (see Eq. (2.1.3), (2.1.4)
and (2.1.5)). Otherwise the dispersion correction term f1 has to be taken into account
illustrated in Fig. 4.22 for Ta as a function of the photon energy. The black dashed line
indicates the energy used in the experiment (8.81 keV) showing that we are below three
absorption edges (LI, LII, LIII). However, we still use the approximation in Eq. (4.6.1)
because we are interested in the electron density difference, or effective electron density.
Additionally, we measured the reflectivity scans with different photon energies and for
reasons of comparison we use electron densities.
The inset in Fig. 4.23 displays the relevant Q-range for the XDS setup representing the
characteristic Bragg peak at Q = 1.35 nm−1 and the four fringes on the left. The specular
peak is orders of magnitude more intense than the remaining XDS signal. For the charac-
terization for sample 1 we employed a photon energy of 13 keV and recorded the scattered
intensity for αi = αf meaning that the X-ray source and the detector have to be moved
simultaneously. We took a shot for every angle position between 0.03◦ and 1.5◦ in steps
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of 0.001◦. The PILATUS3 R 100K-A was placed 0.966 m from the sample.
For the sample characterization of sample 2 and 3 we used the X-ray reflectometer in Dort-
mund employing an photon energy of 8.048 keV. We recorded an angular range between
0.005◦ and 4◦. We transfer the angular range into Q-space via

Qz = 4π
λ

sinαi (4.6.2)

and plot the reflectivity signal as a function of Qz. Fig. 4.25 and 4.27 show the correspond-
ing reflectivity signal and the insets present the relevant Q-range for the XDS experiment,
respectively.

Figure 4.22: f1 as a function of photon energy for Ta. The black dashed line indicates the
photon energy from the XDS experiment (data taken from [77]).

Fig. 4.24, 4.26 and 4.28 illustrate the ML structure obtained from the electron density
profiles. Tables 4.3, 4.4 and 4.5 present the modelled parameters for the corresponding
samples.
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Figure 4.23: left: Reflectivity signal and model as a function of Qz of sample 1. The inset
shows the relevant Q-range for the XDS experiment. right: Electron density profile for
modelled signal. The surface is on the right.

Figure 4.24: Illustration of electron density profile of sample 1.

Sample 1 electron density ρe (nm−3) thickness d (nm) roughness σ (nm)
Top layer 1.89 · 103 3.2 0.65
Ta 3.84 · 103 4.5 0.49
Cu3N 2.39 · 103 11.5 0.48
SiO2 6.66 · 102 100 0.38
Si 7.06 · 102 7 · 105 0.54

Table 4.3: Modelled parameters for sample 1.
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Figure 4.25: left: Reflectivity signal and model as a function of Qz of sample 2. The inset
shows the relevant Q-range for the XDS experiment. right: Electron density profile for
modelled signal. The surface is on the right.

Figure 4.26: Illustration of electron density profile of sample 2.

Sample 2 electron density ρe (nm−3) thickness d (nm) roughness σ (nm)
Top layer 4.04 · 102 3.8 0.88
Al 9.16 · 102 50 0.17
Ta 3.87 · 103 4.3 0.49
Cu3N 2.22 · 103 8.4 0.51
SiO2 6.70 · 102 100 0.33
Si 7.12 · 102 7 · 105 0.40

Table 4.4: Modelled parameters for sample 2.
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Figure 4.27: left: Reflectivity signal and model as a function of Qz of sample 3. The inset
shows the relevant Q-range for the XDS experiment. right: Electron density profile for
modelled signal. The surface is on the right.

Figure 4.28: Illustration of electron density profile of sample 3.

Sample 3 electron density ρe (nm−3) thickness d (nm) roughness σ (nm)
Top layer 4.08 · 102 3.7 0.94
Al 9.09 · 102 200 0.17
Ta 3.88 · 103 4.3 0.50
Cu3N 2.19 · 103 8.4 0.52
SiO2 6.70 · 102 100 0.33
Si 7.12 · 102 7 · 105 0.40

Table 4.5: Modelled parameters for sample 3.
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Chapter 5

Results

In this chapter, we present and discuss the main findings. In section 5.1, we show a
detailed analysis of the SACLA 2018 experiment including electron density reconstruction
and demonstrations of the uniqueness of model refinements. In section 5.2 a qualitative
in-plane analysis of the SACLA 2020 experiment is presented. Additionally, in section
5.3 we investigate the out-of-plane scattering along Qy and compare different ML samples
containing a description of the interface structures.

5.1 SACLA 2018

5.1.1 Data treatment

Fig. 5.1 (left) illustrates a raw detector pattern (MPCCD) with 1024 pixels in z-direction
and 512 pixels in y-direction. We observe characteristic vertical lines which arise from
the vertical read out direction of the chip. Fig. 5.1 (middle) shows a dark image taken
without any X-ray beam. For the background correction we subtract the dark image from
the raw data image resulting in the pattern shown in Fig. 5.1 (right).
Fig. 5.2 shows a detector pattern from the cold sample without laser excitation. Regions of
interest are colored differently: the blue circle at Qz = 0.99 nm−1 and Qy = 0 nm−1 is the
position of the beamstop blocking the specular signal which is several orders of magnitude
more intense than the rest of the signal. The green box between Qy = −0.03− 0.03 nm−1

along Qz represents the in-plane scattering. Averaging this signal over Qy and analyzing
along Qz yields information about the electron density profile of the sample. The yellow
box between Qy = 0.15 − 0.5 nm−1 along Qz is called the out-of-plane scattering along
Qz and the averaged signal provides additional information about lateral correlations
between the different layers. The signal in the red boxes between Qz = 0.97− 1.03 nm−1

and Qz = 1.30−1.38 nm−1 along Qy represents the out-of-plane signal along Qy and yields
information about the structure of the interfaces, such as e.g. the hurst parameter.
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Figure 5.1: left: Typical raw data image. Vertical lines are visible. middle: Dark image.
right: Data image after dark-image subtraction.

Figure 5.2: Scattering signal from the cold sample without laser excitation. The blue
circle indicates the beamstop, the green box represents the in-plane signal, the yellow box
shows the out-of-plane signal and the red lineout denotes the diffuse scattering signal.
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A summary of the different areas can be found in Table 5.1. Note that the flange at the
exit window of the chamber results in a limited Qz-range up to 1.45 nm−1 on the detector
as illustrated in Fig. 5.3.

area pixel Q-range

green box 200− 230 in y-direction Qy = −0.03− 0.03 nm−1

yellow box 300− 500 in y-direction Qy = 0.15− 0.50 nm−1

red box 1 590− 625 in z-direction Qz = 0.97− 1.03 nm−1

red box 2 390− 435 in z-direction Qz = 1.30− 1.38 nm−1

Table 5.1: Overview of different colored areas in Fig. 5.2.

Figure 5.3: Q-range limitation due to the flange at the exit window.

In a next step, we investigate the in-plane signal of various cold samples (green box in
Fig. 5.2). Fig. 5.4 represents the signal averaged over Qy = −0.03 − 0.03 nm−1 around
the specular beam and plotted along the Qz direction. It is important to note that the
diffraction patterns we observe here are representing a cut through reciprocal space along
Q =(Qx, Qy, Qz). The specular condition for which αi = αf is located at (0, 0, Qz) and
is blocked by the beamstop. The vertical lineout thus represents a path along Q =(Qx,
0, Qz) and contains information about the z-direction (density profile) and about vertical
correlations along the x-direction simultaneously.
For visualization the lineouts in Fig. 5.4 are vertically shifted. Between 0.7 and 0.9 nm−1

two Yoneda peaks are visible associated with dynamical diffraction effects located at posi-
tions where the exit angles αf are equal to the critical angles of Cu3N and Ta, respectively.
The peak at Qz = 0.8 nm−1 represents the Cu3N peak while the peak at Qz = 0.87 nm−1

is assigned to Ta. These peaks arise from the evanescent X-ray wave travelling parallel to
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the surface with the values of the exit angles being sensitive to the electron density of the
topmost layers.
Between 1.1 and 1.3 nm−1 we see three Kiessig fringes which are a fingerprint of the num-
ber of repeats of the double layer structure. By comparing the different preshots taken
from identical samples we note small fluctuations from shot to shot originating from the
SASE fluctuations. At Qz = 1.33 nm−1 we find the characteristic Bragg peak that repre-
sents the typical thickness of the Ta/Cu3N double layer (the Bragg peak at 0.99 nm−1 is
blocked because this specular peak is too intense for the detector).

Figure 5.4: In-plane profiles along Qz of different cold samples. left: Yoneda peaks for
Cu3N and Ta. right: Scattering peaks from layer composition.

Comparing a preshot and the corresponding mainshot upon laser irradiation yields
important information about changes inside the sample. 3.5 ps after laser excitation we
detect significant differences in the scattering patterns (Fig. 5.5). The presence of the ML
Bragg peak at Qz = 1.33 nm−1 indicates that the typical length scale of 15.8 nm of the
ML double layers still exists. However, the previously clearly visible fringes in-between
the Bragg peaks are now washed out considerably indicating that the high periodicity of
the cold ML sample is lost to a large extent. Interestingly, we observe the appearance of
a new Yoneda peak at Qz = 0.73 nm−1 upon pumping, indicative of a region of reduced
electron density at the sample surface. An additional new shoulder also appears upon
pumping at 1.17 nm−1 indicating that a new layer structure is arising.
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Figure 5.5: In-plane profiles of the cold
sample (grey) and 3.5 ps after laser exci-
tation (blue) with spatially averaged laser
intensity of 4× 1014 W/cm2.

Figure 5.6: Out-of-plane profiles of the cold
sample (grey) and 3.5 ps after laser exci-
tation (blue) with spatially averaged laser
intensity of 4× 1014 W/cm2.

Fig. 5.6 shows the lineouts from the off-specular signal containing also scattering
contributions from out-of plane components of the ML structure. We observe considerable
weaker signals from both ML Bragg peaks with the fringes in-between barely visible beyond
the detector noise.

5.1.2 Simulation with BornAgain

In this thesis the simulations are performed with BornAgain which is an open-source soft-
ware for the simulation and modelling of XDS experiments developed by the Scientific
Computing Group of the Jülich Centre for Neutron Science (JCNS) [78]. The simulated
XDS patterns are based on the DWBA theory and are well suited for multilayer samples
as every layer can be adjusted separately with different characteristic properties described
in the following. The functions of BornAgain can be accessed via a Graphical User Inter-
face but this has a limited functionality compared to Python scripts. For this reason we
used BornAgain with the help of Python scripts. An example is shown in the appendix in
chapter 8.1.
In BornAgain we distinguish between „general“ experimental parameters and sample pa-
rameters which can be modified for every single layer. Table 5.2 shows the experimental
parameters we used for the simulation of the ML sample of our experiment such as the
detector area, the position of the specular beam, the X-ray wavelength, incident angle,
beam intensity and background. Table 5.3 presents the sample parameters including dis-
persion, absorption, thickness, roughness, hurst parameter and lateral correlation length.
Furthermore, we define one single value for the cross correlation length of the ML sample.
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Experimental parameters

pixel size 50 µm

pixel y-direction 512

distance in y-direction 25.6 mm

pixel z-direction 1024

distance in z-direction 51.2 mm

sample detector distance 1277 mm

y-position of specular beam 10.75 mm

z-position of specular beam 20.65 mm

wavelength 0.140 73 nm

incident angle 0.64◦

azimuthal angle 0.0◦

beam intensity varying

constant background varying

Table 5.2: Experimental parameters used for the XDS simulation with BornAgain.

Sample parameters

dispersion δ varying

absorption β varying

thickness d varying

rms roughness σ varying

hurst parameter h varying

lateral correlation length ξL 30 nm

cross correlation length ξcc 300 nm

Table 5.3: Sample parameters used for the XDS simulation with BornAgain.

Using the experimental parameters from Table 5.2 and the sample parameters, as
extracted from the reflectivity measurement, we obtain an 2D simulation pattern shown
in Fig. 5.7.
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Figure 5.7: Simulated scattering pattern with BornAgain for the cold ML sample.

Taking only the Qy-cut of 30 pixels around the specular beam as done for the experi-
mental data we result in Fig. 5.8.

Figure 5.8: Simulated scattering pattern with BornAgain for the cold ML sample for the
in-plane region.
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Averaging over Qy results in the in-plane signal as presented in Fig. 5.9. It is obvious
that the simulated signal does not fit well to the data. Instead there is an underlying
background signal related to a parasitic scattering signal from the beamstop.

Figure 5.9: left: Electron density profile from a cold sample with parameters extracted
from sample characterization. right: Grey points denote the experimental data, the blue
solid line displays the simulated in-plane scattering signal according to the electron density
profile.

The tails of this parasitic scattering have been modelled via (Qz − Q0)−x with x

denoting an adjustable parameter with slightly different magnitudes for Qz values above or
below the specular position. Taking this background into account the solid line represents
the resulting XDS model based on the density profile of the cold sample as obtained from
the XRR characterization (see Fig. 5.10).
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Figure 5.10: Grey points: XDS data from a preshot. The grey dotted line represents the
model accounting for parasitic scattering tails from the beamstop used to block the highly
intense specular signal at Qz = 0.99 nm−1. The blue solid line shows the model based on
the density profile including the background.

In a next step, we demonstrate that the modelled tails fit also for two other preshots
as shown in Fig. 5.11. Here, we only adjusted the beam intensity and the constant
background value.

Figure 5.11: The grey points display the in-plane scattering data from two preshots and the
blue solid line represents the simulated signal including the parasitic scattering background
with adjusted beam intensity and constant background value.
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5.1.3 In-plane scattering

Now, we discuss the features and changes we observed from the XDS data taken at various
delay times (see Fig. 5.12). For 0.5 ps, we detect the two Yoneda peaks at Qz = 0.8 nm−1

and Qz = 0.87 nm−1 and on the right hand side the three Kiessig fringes and the ML
Bragg peak at Qz = 1.33 nm−1. At 1.0 ps delay the underlying slope of the signal changed
and with that also the relative height of the Kiessig fringes compared to the ML Bragg
peak. 1.5 ps after laser irradiation we observe that the Ta Yoneda peak starts to decay
while the Cu3N peak remains constant. At t = 2.0 ps the ML Bragg peak is shifting to
larger Qz values. Furthermore, the Ta Yoneda peak vanished and the Cu3N peak increases
sharply. At 2.5 ps after laser irradiation we observe a reduced number of Kiessig fringes
combined with a slightly shifted ML Bragg peak. At the left hand side the Cu3N Yoneda
peak appears more broadened and also slightly shifted to larger Qz values. For 3.0 ps delay
the ML Bragg peak starts to decay and the position of the remaining fringes is shifting to
smaller Qz values. At the Yoneda side, we observe a new peak arising at Qz = 0.73 nm−1

related to a reduced electron density in the surface region. This new peak appears more
clearly at t = 3.5 ps and t = 4.0 ps. Besides that, the Kiessig fringes on the right hand
side disappeared and the ML Bragg peak is continuously decreasing in intensity. At the
time delay of t = 5.0 ps we find small features on the left hand side including a small
Yoneda peak at the Cu3N position (Qz = 0.8 nm−1). On the right hand side there is only
a leftover from the ML Bragg peak. At the latest time delay of t = 6.0 ps we observe
a clear Yoneda peak at Qz = 0.8 nm−1 and a broadened ML Bragg peak that may be
splitted at Qz = 1.3 nm−1.
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Figure 5.12: In-plane signal for various time delays. Blue and red lines denote the main-
shots, respectively and the grey lines represent the corresponding preshot.
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For a more quantitative analysis, we model now the in-plane XDS data using BornA-
gain. Here, we want to emphasize that the process of modelling the XDS data is not a
straight forward task. Instead, it is a rather complex and time consuming process because
we have to combine the logical temporal evolution with a mathematical process including
the minimization of χ2. As an counter example, Fig. 5.13 shows a simulated scattering
signal and electron density profile where BornAgain modelled all possible layer parame-
ters with a large parameter range. For the very short time delay of t = 0.5 ps this kind
of electron density profile is obviously not correct since the intermixing of all the layers
cannot have taken place at this early stage.

Figure 5.13: Problem of non-uniqueness: Refined in-plane signal from a cold sample with
a huge parameter range.

Therefore, it is important to consider the following restrictions for the modelling process:

1.) The laser impinges from the surface (right) following that the ML starts to change
the electron density also from the surface.

2.) Parameters such as electron density or layer thickness cannot change orders of mag-
nitude meaning that we have to choose a realistic parameter range for the modelling.

3.) The ML cannot increase in volume meaning that regions with increased electron
density need regions with decreased electron density for compensation.
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Here only a selection of time delays is shown, the full analysis can be found in the
appendix (chapter 8.2).

Figure 5.14: top: Refined in-plane signal for t = 0.5 ps. bottom: Refined in-plane signal
for t = 1.0 ps.

For t = 0.5 ps the preshot model fits quite good indicating that no preplasma was
created during laser excitation (Fig. 5.14 top). For t = 1.0 ps, we expect that the ML
changes its structure starting from the surface (from the right). Therefore we fixed the
deeper layers of the initial parameters and refine only the first 3 double layers. With
these assumptions we obtain the simulation model and corresponding electron density
model presented in Fig. 5.14 bottom. We observe that the topmost Ta layer is reduced in
density, while the second Ta and the Cu3N layers are being compressed and shifted slightly
inwards by the ablation pressure from the first layer. Note that the deeper third double
layer already shows a reduced density at this time while the remaining layers are still
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intact. This changes at t = 3.0 ps when intermixing and compression continues and the
high density material is now mostly located at regions previously hosting the low density
Cu3N layers (Fig. 5.15 top). The ablation front also successively moved inwards with
now the topmost 30 nm of material ablated. Finally, at t = 5.0 ps the previously sharp
ML Bragg peak reduces in intensity and also broadens considerably as shown in Fig. 5.15
bottom. However, we can still identify Yoneda peaks indicating the presence of higher
electron density layer than the Si substrate.

Figure 5.15: top: Refined in-plane signal for t = 3.0 ps. bottom: Refined in-plane signal
for t = 5.0 ps.

Now, we compare the resulting electron density profiles extracted from the modelled
XDS data shown in Fig. 5.16. For reasons of comparison we labelled the double layers
1− 5 starting from the ML surface. After t = 1.0 ps, we find that the topmost and third
Ta/Cu3N layers are reduced in density compared to the initial ML, while the 2nd Ta and
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the Cu3N layers being compressed and shifted slightly inwards by the ablation pressure
from the first layer. The remaining layers are still intact. Based on the maximum depth of
density modulation of 40 nm at 1 ps delay we can estimate a value for the thermal diffusion
velocity of v = 4× 104 m s−1.
1.5 ps after laser excitation the first Ta layer disappeared while the 2nd Ta layer is still
compressed but thinner compared to 1.0 ps. The third Ta layer has further decreased in
density. Furthermore, the first three Cu3N layer display an increased density.
At t = 2.0 ps the topmost layer is fully ablated while the rest of the ML starts to show
intermixing of the Ta and Cu3N layers with the heatwave reaching the substrate. However,
the Ta layers can still be recognized and are located at their original positions.
This changes at 2.5 ps when intermixing and compression continues and the high density
material is now mostly located at regions previously hosting the low density Cu3N layers,
only the last Ta layer is located at its original position. The ablation front also successively
moved inwards. After 3.0 ps also the last Ta layer has intermixed with the Cu3N layers
and the substrate.
At t = 3.5 ps we find a new sharp peak at the ML surface located at z ≈ 140 nm supported
also by the appearance of a new Yoneda peak at Qz = 0.73 nm−1 (see Fig. 5.12). Upon
temporal evolution at t = 4.0 ps the sample thickness is further reduced by 40 nm and the
ML structure shows only a few density oscillation reminiscent of the previously ordered
ML structure. Finally, at t = 5.0 and 6.0 ps the previously sharp ML Bragg peak reduces
in intensity and also broadens considerably. The resulting density profile shows a film
thickness of 30 nm with some smaller density oscillations still existing.
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Figure 5.16: Time evolution of corresponding density profiles of modelled XDS simulations.
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Having described the time dependence of the density profiles we now extract several
parameters from the profiles. We start with the difference (∆ρe) in densities between two
consecutive delay times as shown in Fig. 5.17 for selected time intervals. At early times
(blue line at 1 ps) we observe the start of ablation into the vacuum visible as a reduction
of density at the front surface. Deeper inside the ML structure the difference shows sharp
transitions from reduced to enhanced densities which we attribute to the compression of
the ML generating sharp differences between new and old interface positions. The sharp
features also indicate that intermixing of the layers does not play a role at early times.
In contrast, at 2.5 ps the differences are rounded much more consistent with starting of
intermixing between the layers while at the surface the ablation continues as visible by
the negative values of ∆ρe. At 3.5 ps we observe a strong onset of ablation with almost
30 nm of material ablating within 0.5 ps.

Figure 5.17: Depth resolved differences in electron density ∆ρ. The blue line represents
the differences between 1.0 and 0.5 ps, the red line displays the differences between 2.5 and
2.0 ps and the yellow line shows the differences between 3.5 and 3.0 ps. The grey shadows
indicate the electron density profiles at t = 0.5, 2.0 and 3.0 ps, respectively.
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Additionally, we investigate the surface position as a function of time delay as illus-
trated in Fig. 5.18. We define the surface as the position where ρe = 2.0× 103 nm−3 and
find that up to 2.5 ps the ablation velocity is rather slow, namely 0.6× 104 m s−1, and ac-
celerating between 2.5 and 5 ps to a velocity of 2.4× 104 m s−1 resulting in a strong surface
ablation of roughly 55 nm. After 5 ps the surface ablation velocity is decreasing again to
0.4× 104 m s−1 indicating that the dynamics are slowing down ending with a 30 nm thick
film.

Figure 5.18: Surface position as a function of time delay. The surface position is defined
as ρe = 2.0× 103 nm−3. The colored dashed lines denote the surface ablation velocity for
different time intervals.
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5.1.4 Uniqueness of model refinement

A known problem of reconstructing electron density profiles from XDS data is the appear-
ance of non-unique solutions since the in-plane signal is connected to the electron density
basically via the absolute square of the Fourier transform. By determining the absolute
square of the Fourier transform the phase information gets lost and for that reason we
cannot exclude the existence of other density profiles providing different local minima in
parameter space. However, we show here a method to minimize these problems by simul-
taneous data refinement of in-plane and out-of-plane scattering signals.
The in-plane signal represents an average of a region of 30 pixels centered around the
position of Qy = 0 nm−1. The out-of-plane signal is an average of the scattering signal
within the interval Qy = 0.15 nm−1 to 0.5 nm−1 (see Fig. 5.19).

Figure 5.19: Scattering signal from the cold sample without laser excitation. The blue
circle indicates the beamstop, the green box represents the in-plane signal, the yellow box
shows the out-of-plane signal and the red lineout denotes the diffuse scattering signal.

Here we investigate in detail the aspects of uniqueness of the refinement results for
t = 2.0 (appendix chapter 8.4) and 3.5 ps. Fig. 5.20 displays the in-plane signal as a
function of the corresponding vertical wave vector transfer Qz and two fits according to
the models displays in Fig. 5.20 (right). While both modelled X-ray signals look similar
to a certain extent we find a clear difference in the corresponding χ2 values favouring
the blue density profile. Further evidence for this can now be obtained by inspecting the
corresponding out-of-plane scattering signal.
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Figure 5.20: Two fits for the in-plane signal with t = 3.5 ps time delay. Both X-ray signals
look similar while showing very different density profiles.

In terms of scattering, the out-of-plane signal does not only depend on the density
profile but also on roughness and correlations between the layers. These correlations
are modelled in the program BornAgain with the following statistical description of the
height-height correlation function for the jth interface with height contour Uj(x, y)

< Uj(x, y)Uj(x′, y′) >= σ2 exp

−( τ

ξLj

)2h
 (5.1.1)

with

τ =
√

(x− x′)2 + (y − y′)2. (5.1.2)

We observed that the Qz-dependence of the out-of-plane signal is not very sensitive to the
absolute value of the lateral correlation lengths ξL, although it is quite sensitive to differ-
ences in the correlation lengths between different layers in the following way: correlation
lengths ξL > 30 nm switch the scattering contribution of the corresponding layer „on“ ,
while a small value of ξL = 1 nm switches the contribution to the out-of-plane signal „off“.
Upon pumping we find that the in-plane correlation lengths decrease starting from the
top layers. In contrast to this, we find that the vertical correlation length ξ⊥ needs to be
kept at a value on the order of the ML thickness.
Fig. 5.21 and 5.22 display the out-of-plane scattering signal for both density profiles (Fig.
5.20 (right)) with the corresponding correlation lengths ξL from top to bottom displayed
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in the subcaptions (layer 1 is the topmost layer and layer 14 the layer closest to the
substrate).

(a) Layer 1− 14: ξL = 30 nm

(b) Layer 1− 3: ξL = 1 nm; Layer 4− 14: ξL = 30 nm

Figure 5.21: Out-of-plane signal along Qz based on the electron density profile in Fig.
5.20 (right). The grey points denote the XDS data, the blue and red lines indicate the
simulated out-of-plane signal and the light blue and red lines display the differences be-
tween simulation and data. The blue colored figure (left) corresponds to the blue electron
density profile and the red colored figure to the red profile, respectively. (a) displays the
out-of-plane signal with a lateral correlation length ξL = 30 nm for all layers. (b) shows
the out-of-plane signal with a decreased lateral correlation length ξL = 1 nm for the first
three layers.
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(a) Layer 1− 10: ξL = 1 nm; Layer 11− 14: ξL = 30 nm

(b) Layer 1− 12: ξL = 1 nm; Layer 13− 14: ξL = 30 nm

Figure 5.22: Out-of-plane signal along Qz based on the electron density profile in Fig.
5.20 (right). The grey points denote the XDS data, the blue and red lines indicate the
simulated out-of-plane signal and the light blue and red lines display the differences be-
tween simulation and data. The blue colored figure (left) corresponds to the blue electron
density profile and the red colored figure to the red profile, respectively. (a) displays
the out-of-plane signal with a lateral correlation length ξL = 1 nm for layer 1 − 10 and
ξL = 30 nm for layer 11 − 14. (b) shows the out-of-plane signal with a decreased lateral
correlation length ξL = 1 nm for layer 1− 12.
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We present the resulting χ2 for all cases in Table 5.4 and find that the blue dispersion
profile fits the out-of-plane signal significantly better than the red dispersion profile. This
is also apparent from an inspection of the difference traces (light blue and red lines).
Thus a simultaneous inspection of in-plane and out-of-the plane scattering components
helps considerably to narrow down the search for density profiles. We note, however, that
ultimately an extension of the available Q-space would be beneficial.

3.5 ps ξL = 1 nm ξL = 30 nm χ2 blue profile χ2 red profile

1 - layer 1− 14 3013 3298

2 layer 1− 3 layer 4− 14 11180 3249

3 layer 1− 10 layer 11− 14 1114 3474

4 layer 1− 12 layer 13− 14 1243 3133

Table 5.4: Overview of the different combinations of lateral correlation length ξL and
resulting χ2 values from Fig. 5.21 and 5.22.

For judging and demonstrating the sensitivity of the out-of-plane scattering signal
for changes in the dispersion profile we systematically reduced the dispersion profile at
t = 3.5 ps layer by layer starting from the top (see Fig. 5.23 and 5.24). It becomes evident
that the dispersion profile has a pronounced influence on the out-of-plane scattering signal
as well.
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Figure 5.23: Out-of-plane signal along Qz with systematically reduced number of surface
layers from the density profile.
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Figure 5.24: Out-of-plane signal along Qz with systematically reduced number of surface
layers from the density profile.
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5.1.5 Time dependence of out-of-plane scattering

Fig. 5.25 displays the out-of-plane scattering data including refinement with varied lateral
correlation lengths ξL. For t = 0.5 ps, we detect the two Yoneda peaks at Qz = 0.8 nm−1

and 0.87 nm−1, the central Bragg peak at Qz = 0.99 nm−1 and the next Bragg peak at
Qz = 1.33 nm−1. The small fringes observed in the in-plane signal are only barely visible
since the intensity is orders of magnitude smaller compared to the in-plane signal. We
extract from the in-plane scattering at this early time of t = 0.5 ps a lateral correlation
length of all layers to be ξL = 30 nm.

Figure 5.25: Refined out-of-plane signals along Qz for various time delays.
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Refining the experimental data for t = 1.0 ps we use the extracted electron density
model and adjust the lateral correlation length ξL of the first 3 layers to ξL = 1 nm while
the correlation length of the deeper layers remains constant. At t = 3.0 ps the out-of-plane
signal is structurally changing as the Bragg peak at Qz = 1.33 nm−1 is mostly vanished.
The Yoneda peaks appear now as really sharp and intensive peaks. Additionally, we find
a new signal appearing from a new Yoneda peak at Qz = 0.7 nm−1. With the model from
the in-plane scattering we adjust the lateral correlation length ξL of layer 1− 4 to 1 nm in
order to fit these sharp Yoneda peaks.
For the large delay time of t = 6.0 ps there is no clear structure for Qz > 0.99 nm−1

anymore which leads to the assumption that almost all layers have a reduced lateral
correlation length. Taking the model from the in-plane scattering we decrease ξL to 1 nm
for layer 1− 12 following that just the thermal SiO2 and the Si substrate have the initial
lateral correlation length of ξL = 30 nm. An overview of ξL is listed in Table 5.5.
A reduced lateral correlation length ξL implies here that the interfaces get more rough
upon laser excitation. We notice that the interfaces change their structure starting from
surface for the early delay times (1.0 ps) to the deeper layers for the large delay times such
as 6.0 ps.

delay ξL = 1 nm ξL = 30 nm

0.5 ps − Layer 1− 14

1.0 ps Layer 1− 3 Layer 4− 14

3.0 ps Layer 1− 4 Layer 5− 14

6.0 ps Layer 1− 12 Layer 13− 14

Table 5.5: Lateral correlation lengths ξL used for the out-of-plane refinement along Qz for
various time delays.
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5.1.6 Intermediate intensity

Fig. 5.26 and 5.27 display the in-plane signal and the density profiles for average laser
intensity of IL = 4× 1015 W/cm2. Note that a negative delay time means that the X-ray
beam arrives the ML sample before the laser irradiation.
At t = −1.0 ps all the features discussed in section 5.1.3 are visible including the Yoneda
peaks, the small fringes and the Bragg peak. To model the in-plane data we used the den-
sity profile from the cold sample demonstrating that 1 ps before laser irradiation the sample
structure did not change. 0.5 ps before laser irradiation we detect significant changes in
the Yoneda peaks since the peak at Qz = 0.87 nm−1 is strongly reduced. Additionally,
the fringes between Qz = 1.1− 1.3 nm−1 start to vanish meaning that already before the
temporal peak of the laser pulse arrives, the ML structure is affected by the rising edge of
the laser pulse. Modelling the XDS data we result in an electron density profile shown in
Fig. 5.26 bottom right.

Figure 5.26: In-plane signals with higher laser intensity IL = 4× 1015 W/cm2 for t =
−1.0 ps (top) and t = −0.5 ps (bottom).
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Figure 5.27: In-plane signals with higher laser intensity IL = 4× 1015 W/cm2 for t =
0.0 ps.

Interestingly, at t = 0.0 ps the in-plane signal has structurally changed, e.g. the Yoneda
peaks are strongly reduced and the fringes are not visible anymore. The Bragg peak is
decreased as well.
Investigating the resulting electron density profiles (Fig. 5.28) we find even before the
main laser pulse arrives at the sample, the ML structure is strongly changing affected by
the rising edge of the laser pulse. While at t = −1.0 ps the model for the cold sample fits
well, at t = −0.5 ps the density of the first and 3rd double layer is reduced while the 2nd
double layer is compressed showing that a compression wave already travelled through
the first 60 nm of the ML sample. For t = −0.4 ps we find a rather similar structure, the
ML has just increased in roughness. At t = −0.3 ps the surface appears rather smooth
since the clear layer structure is not visible anymore. Instead the 5th Ta layer is strongly
compressed while the 3rd and 4th Cu3N layers are reduced in density. At t = −0.15 and
0.0 ps the electron density is reduced the first 75 nm starting from the top. Only the 2
deepest Ta layers are slightly compressed. As a result we find that the higher laser intensity
of IL = 4× 1015 W/cm2 causes much faster dynamics inside the sample since already at
t = 0.0 ps, indicating the laser peak arrives the sample, the structure has strongly changed
while for the lower laser intensity of IL = 4× 1014 W/cm2 0.5 ps after the laser pulse
we cannot detect any changes in the sample structure. The full in-plane analysis for the
intermediate intensity of IL = 4× 1015 W/cm2 can be found in chapter 8.3.
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Figure 5.28: Time evolution of corresponding density profiles of modelled XDS simulations
showing the effect of the rising edge of the laser.
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5.2 SACLA 2020

From the SACLA 2018 data we were able to reconstruct the electron density profiles.
However, due to the limited Qz-space available a precise determination of the density
profiles was quite difficult. Therefore, we performed a second experiment with a larger
Qz-space up to Qz = 2.6 nm−1 as displayed in Fig. 5.29 showing the in-plane signal of an
unperturbed ML sample with 200 nm Aluminium top layer. The large number of Kiessig
fringes and Bragg peaks allows a more accurate reconstruction of the electron density
profiles. Furthermore, we modified our samples with a 200 nm Aluminium top layer to
obtain access to larger delay times > 6 ps than in the first experiment.

Figure 5.29: In-plane signal along Qz as a comparison between the first and the second
experiment at SACLA. While during the first experiment the Qz space was limited to
1.45 nm−1, in the second experiment it was extended to Qz = 2.6 nm−1.
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5.2.1 Data treatment

Fig. 5.30 (left) displays a raw detector pattern with 2200 pixels in z-direction and 600
pixels in y-direction. We note that the detector pattern is horizontally split at pixels
≈ 1120 − 1130 indicating that the detector consists of two different chips. Furthermore,
we observe characteristic vertical lines which arise from the vertical read out direction of
the chip. Fig. 5.30 (middle) illustrates a dark image taken without any X-ray beam. For
the background correction we subtract the dark image from the raw data image resulting
in the pattern shown in Fig. 5.30 (right).

Figure 5.30: left: Typical raw data image. Vertical lines are visible. middle: Dark image.
right: Data image after dark-image subtraction.

Fig. 5.31 represents a detector pattern from the cold sample without laser excitation.
Regions of interest are colored differently: the blue box at Qz = 1.1 − 1.3 nm−1 along
Qy is the position of the beamstop blocking the specular signal which is several orders of
magnitude more intense than the rest of the signal. The green box between Qy = −0.02−
0.02 nm−1 along Qz represents the in-plane scattering. Averaging this signal over Qy and
analyzing along Qz yields the electron density profile of the sample. The signal in the red
boxes between Qz = 0.82 − 0.91 nm−1, Qz = 1.55 − 1.63 nm−1, Qz = 2.05 − 2.12 nm−1

and Qz = 2.51− 2.59 nm−1 along Qy represents the out-of-plane scattering along Qy and
yields information about the structure of the interfaces, such as e.g. the hurst parameter.
A summary of the different areas can be found in Table 5.6.
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Figure 5.31: Scattering signal from the cold sample without laser excitation. The blue box
indicates the beamstop. The green box represents the in-plane signal and the red lineouts
denote the out-of-plane scattering signal along Qy.

area pixel Q-range

green box 290− 310 in y-direction Qy = −0.02− 0.02 nm−1

red box 1 1330− 1380 in z-direction Qz = 0.82− 0.91 nm−1

red box 2 932− 975 in z-direction Qz = 1.55− 1.63 nm−1

red box 3 660− 700 in z-direction Qz = 2.05− 2.12 nm−1

red box 4 394− 440 in z-direction Qz = 2.51− 2.59 nm−1

Table 5.6: Overview of different colored areas in Fig. 5.31.
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5.2.2 In-plane scattering

Now, we investigate the in-plane signal of equal cold samples (green box in Fig. 5.31).
Fig. 5.32 (left) displays the signal averages over Qy = −0.02 − 0.02 nm−1 around the
specular beam plotted along the Qz direction. For visualization the lineouts are vertically
shifted. At Qz = 0.75 nm−1 we recognize the Yoneda peak located at the position where
the exit angle αf is equal to the critical angle αc of Al. Between Qz = 0.75 − 1.0 nm−1

the signal appears rather noisy coming from the fact that the 200 nm thick Al layer causes
fast oscillations in the scattering signal on the order of ∆Qz ≈ 0.03 nm−1 (see Fig. 5.32
(right)). For Qz > 1.3 nm−1 the Kiessig fringes and the Bragg peaks are visible. Compared
to the first experiment shown in section 5.1 now three Bragg peaks are visible instead of
one, thus we are more sensitive to smaller perturbations in the density profiles now. We
observe again the substructure in the Kiessig fringes caused by the 200 nm Al top layer.
By comparing the different preshots taken from equal samples we note small fluctuations
from shot to shot originated from the SASE fluctuations.

Figure 5.32: left: In-plane profiles along Qz of different cold samples. right: Zoom into
Qz = 1.5 − 2.2 nm−1 showing the substructure produced by the 200 nm Al layer. For a
better visualization the in-plane signal is modified by a 1-D convolution filter.

We refine the in-plane signal again with BornAgain to extract detailed information
about the electron density profiles. Fig. 5.33 displays the electron density profile and the
corresponding in-plane signal created with BornAgain using the parameters we extracted
from the sample characterization with X-ray reflectivity scans. We notice that the peak
positions match, but the underlying slope is slightly different due to the parasitic scattering
from the beamstop. For this reason we adjust the slope of the simulated data multiplying
the simulated in-plane signal for Qz < 1.16 nm−1 with (1.16 − Qz)1.5 and the region for
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Qz > 1.16 nm−1 with (Qz − 1.16)−0.1 as shown in Fig. 5.34.

Figure 5.33: BornAgain simulation using the parameters obtained from the sample char-
acterization.

Figure 5.34: Grey points: XDS data from a preshot. The grey dotted line represents the
model accounting for parasitic scattering tails from the beamstop used to block the highly
intense specular signal at Qz = 1.16 nm−1. The blue solid line shows the model based on
the density profile including the background.

Fig. 5.35 displays the region of interest of the in-plane signal demonstrating that the
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model including the adjusted background is in agreement with the experimental data.

Figure 5.35: Detail of the in-plane scattering data including the BornAgain model.

Now, we investigate the in-plane signals after laser excitation for different delay times
between laser and X-ray. In Fig. 5.36 we plot the intensity as a function of Qz for the
mainshot (blue and red) and their corresponding preshots (grey). At t = 0 ps we detect
no significant changes between pre- and mainshot indicating that the the layers are still
unperturbed. Starting from t = 1.0 ps we observe that the underlying slope of the signal
has changed and with that the relative height of the Kiessig fringes compared to the ML
Bragg peak. For t = 3.0 and 5.0 ps the substructure of the Kiessig fringes appears much
weaker meaning that the 200 nm Al top layer starts to vanish. At t = 7.0 ps the Yoneda
peak at Qz = 0.75 nm−1 decreases significantly indicating the vanishing Al layer. From
t = 9.0 ps on the Bragg peak at Qz = 2.1 nm−1 is shifting to higher Qz values and starts
to intermix with the next Kiessig fringe while the other Kiessig fringes are still visible.
At t = 10 ps distinct changes in the characteristic peak structure are visible showing that
the Bragg peaks are further shifting to higher Qz values and also the Kiessig fringes start
to vanish. At t = 11 ps the Bragg peak at Qz = 1.6 nm−1 is decreased considerably and
is intermixing with the Kiessig fringes indicating that the ML double layer thickness is
decreasing and the periodic layer structure is vanishing. At t = 12 and 13 ps the Kiessig
fringes are gone and the Bragg peaks are further decreasing while there is a new peak
arising at Qz = 1.7 nm−1 pointing towards the formation of a new substructure. Although
the ML structure is mostly gone, we still see a (weak) feature of the Al Yoneda peak
implying that there must be a leftover of the Al top layer. At the very large delay times
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of t = 14 and 15 ps we notice that the new peak at Qz = 1.7 nm−1 is increasing while
the other Bragg peaks still decaying. Even after 15 ps we observe traces of the Al Yoneda
peak.

Figure 5.36: In-plane signal as a function of Qz for various time delays. The blue and red
lines display several mainshots and the grey lines the corresponding preshot. The vertical
dashed lines indicate the initial Qz positions of the Yoneda peak and the Bragg peaks.
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We investigated identical ML samples with higher laser intensity of IL = 8× 1015 W/cm2

and analyse now the influence of higher laser intensity on the in-plane scattering signal as
illustrated in Fig. 5.37 comparing the mainshots taken at the same delay time with both
laser intensities. Here, the blue curve represents the in-plane signal taken with laser inten-
sity IL = 8× 1014 W/cm2, while the red curve is the signal taken with 10 times higher laser
intensity IL = 8× 1015 W/cm2. The vertical dashed lines indicate the initial peak posi-
tions of Yoneda and Bragg peaks. At t = 0.0 ps we observe no significant changes between
both intensities, only the underlying slope differs. For t = 3.0 ps we notice that the Bragg
peak at Qz = 1.6 nm−1 is decaying for the high intensity signal. Furthermore, the Kiessig
fringes for the high intensity case between Qz = 1.7−1.9 nm−1 are weaker and more noisy
compared to the low intensity case. After t = 5.0 ps we detect significant changes in the
high intensity case. The Bragg peak at Qz = 1.6 nm−1 is not visible anymore and also
the Kiessig fringes are much weaker compared to the low intensity signal. However, the
peak positions of the Yoneda and Bragg peaks remain constant. For t = 7.0 ps, in the
high intensity case the Kiessig fringes are completely gone. The Bragg peaks at Qz = 2.1
and 2.6 nm−1 are weaker but still at the initial Qz position. Additionally, a new peak is
arising at Qz = 1.5 nm−1. The signal for the low intensity case shows at this time delay
only minor changes in the Kiessig fringes, while the Bragg peaks do not show structural
changes. By comparing the in-plane signal with both laser intensities we observe that
the higher laser intensity causes changes in the in-plane scattering signal at earlier delay
times compared to the low laser intensity. That is because a higher laser intensity pro-
duces higher temperatures in the ML sample and thus, the dynamics (heatwave, electrons,
ions) are faster. However, the most important difference between both laser intensities
is a different temporal evolution. While in the low intensity case first the Bragg peaks
are shifting before the Kiessig fringes vanish, the high intensity signal indicates first the
decaying Kiessig fringes and the shifting Bragg peaks afterwards.
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Figure 5.37: In-plane signal along Qz comparing two laser intensities of 8× 1014 W/cm2

and 8× 1015 W/cm2 for the same time delay, respectively. Blue indicates the low laser
intensity and red corresponds to the high laser intensity. The vertical dashed lines indicate
the initial Qz positions of the Yoneda peak and the Bragg peaks.

Fig. 5.38 illustrates the signal at that time delay where the Bragg peaks start to shift
to higher Qz values (11.0 ps for the low intensity case and 7.25 ps for the high intensity
case). For the low intensity case we can clearly recognize the Kiessig fringes while they
are not visible anymore in the high intensity case meaning that the ML sample after high
intensity laser excitation changes first the single layers „isolated“ and only afterwards the
double layer thickness while the low intensity laser excitation causes stronger intermixing
between the layers resulting in faster changes of the double layer thickness and thus a shift
of the Bragg peak.
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Figure 5.38: In-plane signal along Qz comparing two laser intensities of 8× 1014 W/cm2

and 8× 1015 W/cm2 for that time where the Bragg peaks start to shift to higher Qz values.
Blue indicates the low laser intensity and red corresponds to the high laser intensity. The
vertical dashed lines indicate the initial Qz positions of the Yoneda peak and the Bragg
peaks.

Although the large Qz-space has many advantages such as the possibility of a very
detailed reconstruction of the electron density profiles, the complexity of the data increases
considerably and with it the time needed to reconstruct these profiles since the scattering
intensity is distributed over two orders of magnitude. At this point we reach our limits to
analyze the data „by hand“. In the future, we plan to use machine learning techniques for
the density reconstruction, but that is beyond the scope of this thesis.
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5.3 Out-of-plane scattering along Qy

In this chapter we discuss the details of the time dependence of interfacial properties such
as lateral correlation lengths, interface roughness and hurst parameter.

5.3.1 ML sample without Aluminium

Fig. 5.39 displays a detector pattern from a cold ML sample without Aluminium. The
red boxes along Qy denote the out-of-plane signal which we investigate in this chapter.

Figure 5.39: Detector pattern from a cold sample without Aluminium. The green box
denotes the in-plane signal and the red boxes represent the out-of-plane scattering signal
along Qy at different ML Bragg peaks.

We first discuss the influence of the different interfacial properties on the scattering
signal. In Fig. 5.40 we plot the profile of the red box at Qz = 1.7 nm−1 along Qy for
different time delays. The red points indicate the preshot and the blue points denote the
signal after laser excitation. We observe that the cutoff-value Qc connected to the lateral
correlation length ξL at Qc = 0.3 nm−1 is not changing upon pumping. For Qy > Qc, we
notice that the slope of the diffuse scattering power law decreases upon pumping.
We first discuss the determination of the lateral correlation length ξL. Simulating the
out-of-plane scattering signal with BornAgain yields ξL ≈ 3 nm in agreement with grain
sizes from sputtered ML films [79]. However, we note here an inconsistency in the Bor-
nAgain program as choosing a lateral correlation length of 3 nm leads to unrealistically
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large distortions of the whole in-plane signal. We attribute this behaviour to a numerical
instability upon integration of the experimental functions involved. This inconsistency
could not been removed during this thesis making the determination of the absolute value
of the lateral correlation length difficult. It will thus be between 3 and 30 nm.

Figure 5.40: Out-of-plane signal along Qy from ML sample for different time delays. The
red points indicate the preshot, the blue points represent the mainshot. The solid lines
represent a fit with a power law ∝ Qmy .

Discussion of roughness and hurst parameter

We investigate now the effects of the laser excitation on both roughness and hurst pa-
rameters. We can extract changes of roughness and hurst parameter by investigating the
slope of the power law in Qy direction. Fig. 5.40 shows that the fall-off of the power-law
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tail decreases upon laser excitation. Modelling this power-law with y = a ·Qmy yields the
corresponding slope m.
Fig. 5.41 and 5.42 show the resulting exponent m as a function of delay time for all 5
streaks (Qz = 0.79, 1.33, 1.73, 2.10 and 2.47 nm−1). The red points denote the preshot
exponents and the red dashed line the corresponding average. The blue points represent
the mainshot exponents showing a step-like increase followed by a constant behaviour
afterwards. The blue dashed line is a guide to the eyes. Furthermore, we note that the
preshot exponents increase with increasing Qz as visualized in Fig. 5.43.

(a) Exponent m as a function of time delay
for Qz = 0.79 nm−1.

(b) Exponent m as a function of time delay
for Qz = 1.33 nm−1.

(c) Exponent m as a function of time delay
for Qz = 1.73 nm−1.

Figure 5.41: Modelled exponent m as a function of time delay for the ML sample without
Aluminium for different Qz values.
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(a) Exponent m as a function of time delay
for Qz = 2.10 nm−1.

(b) Exponent m as a function of time delay
for Qz = 2.47 nm−1.

Figure 5.42: Modelled exponent m as a function of time delay for the ML sample without
Aluminium for different Qz values.

In Fig. 5.43 we plot the mean preshot exponent as a function of Qz (red points). We
define average exponents for pre- and mainshot by averaging m before and after the step
like increase, respectively. We notice that the exponents at Qz = 0.79 and 1.33 nm−1 are
similar (m = −3.4) and increase continuously for the larger Qz values up to m = −2.5.

Figure 5.43: Averaged exponents of the power law tail Qmy for pre- and mainshot. The
dashed lines are the results based on parameters of Table 5.7.
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For the averaged mainshot exponent only the exponents after the increase are taken
into account and illustrated with blue points. Also the mainshot exponents are continu-
ously increasing from values of m = −2.5 up to m = −1.6. To connect these exponents
with layer roughness and hurst parameter we performed BornAgain simulations based on
the preshot model and refined these to match the experimental data.
Applying the parameters listed in Table 5.7 yields the dashed lines in Fig. 5.43, showing
a good agreement with the data. We observe that the overall roughness increases upon
laser excitation and that the hurst parameter h decreases. A lower hurst parameter is an
indication for a more jagged surface configuration after laser excitation.

Parameter Preshot Mainshot

beam intensity I 5× 1017 5× 1017

background b 1× 10−1 1× 10−1

hurst parameter h 0.6 0.1

roughness factor r
first 2 layers 4

others 2 6

lateral correlation length ξL (nm) 30 30

Table 5.7: Simulation parameters from the dashed lines in Fig. 5.43 for pre- and mainshot.
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5.3.2 ML samples with Aluminium

In a next step, we investigate the ML samples with Aluminium top layer and perform
the same analysis as before (shown in the appendix chapters 8.5, 8.6 and 8.7). Fig. 5.44
displays the average exponent m as a function of Qz for the ML sample with 50 nm
Aluminium top layer. We notice that both exponents at Qz = 0.87 nm−1 are identical
(−2.5) while the exponents at larger Qz values show a difference of ∼ 1. We find that the
hurst parameter cannot change significantly since a change of the hurst parameter would
result in a shift of all exponents, but the exponent at Qz = 0.87 nm−1 remains constant.

Figure 5.44: Averaged exponents for pre- and mainshot and refined simulations for the
ML sample with 50 nm Aluminium toplayer.

In a last step, we analyze the ML sample with 200 nm Aluminium toplayer. In our
experiment, we measured this sample with two laser intensities of IL = 8× 1014 W/cm2

and 8× 1015 W/cm2. The red points in Fig. 5.45 denote the preshot average exponent,
the blue points represent the mainshot exponents irradiated with the higher laser intensity
of IL = 8× 1015 W/cm2 while the green points show the mainshot exponents irradiated
with the previous laser intensity of IL = 8× 1014 W/cm2.
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Figure 5.45: Averaged exponents for pre- and mainshot and refined simulations for the
ML sample with 200 nm Aluminium toplayer.

We observe again that the exponents at Qz = 0.87 nm−1 remain constant and only
the exponents at larger Qz values change. Furthermore, the exponents with larger laser
intensity seem to increase not as much compared to the exponents with lower laser in-
tensity. As before, the hurst parameter cannot change significantly since the exponent at
Qz = 0.87 nm−1 does not change. Since the exponents of the higher laser intensity are less
changing compared to the low laser intensity, most probably the changes of the roughness
factor for the high laser intensity are smaller meaning that with higher laser intensity less
intermixing between the layers is occurring but instead the layers are compressed „iso-
lated“.
In conclusion, we note that for the ML sample without Aluminium the hurst parameter
and the roughness change upon laser excitation. By using Aluminium as a toplayer the
hurst parameter seems to remain constant and only the roughness is increasing meaning
that the ML sample with Aluminium layer is changing its structure in a different way
compared to the sample without Aluminium.
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5.3.3 Rise time

Now we investigate the temporal evolution of the mainshots upon pumping. We plot the
exponents as a function of time delay for all samples for Qz = 2.5− 2.6 nm−1 in Fig. 5.46.

(a) Exponent m as a function of time delay
for the ML sample without Aluminium.

(b) Exponent m as a function of time delay
for the ML sample with 50 nm Aluminium
toplayer.

(c) Exponent m as a function of time delay
for the ML sample with 200 nm Aluminium
toplayer.

(d) Exponent m as a function of time delay
for the ML sample with 200 nm Aluminium
toplayer upon higher laser intensity.

Figure 5.46: Exponentm as a function of time delay at Qz = 2.5−2.6 nm−1 for all samples.
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The increase of the mainshot exponents can be modelled with an errorfunction (blue
dashed lines)

m(t) = m0 · erf
(
t− t0

∆t

)
, (5.3.1)

m0 denotes the exponent before pumping, t0 indicates the time until the increase begins
and ∆t represents the duration of increase, called rise time.
First, we plot the time t0 when the increase begins as a function of the Aluminium thickness
and find an exponential increase as displayed in Fig. 5.47 indicating that the heatwave
travels a longer way to reach the ML sample because of the Aluminium layer. With
higher laser intensity of IL = 8× 1015 W/cm2 the increase of exponents occurs 4 ps earlier
meaning that the heatwave velocity gets faster by a factor of 5/3 with increasing laser
intensity.

Figure 5.47: Time until the mainshot exponents increase as a function of Aluminium
thickness.

Finally, we investigate the rise time shown in Fig. 5.48. We find again a quadratic
increase as a function of Aluminium layer thickness. We interpret this as a temporal
broadening of the heatwave upon travelling through the Aluminium layer. After 200 nm
the rise time increases to about 1.2 ps significantly larger than for the sample without
Aluminium. We speculate about an efficient dispersion of the electronic heatwave upon
propagation through the solid material.
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Figure 5.48: Rise time as a function of Aluminium thickness.

In summary, we showed a detailed analysis of the SACLA 2018 beamtime including in-
plane, out-of-plane and uniqueness analysis in section 5.1 followed by a qualitative in-plane
analysis from the SACLA 2020 beamtime in section 5.2. In section 5.3 we investigated the
out-of-plane signal along Qy from the SACLA 2020 beamtime. In the following chapter
6 we will discuss the major results and explain them with the background of plasma
dynamics.
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Chapter 6

Discussion

Here, we discuss the major findings and explain them with the help of of plasma dynamics.
We start with the SACLA 2018 beamtime in section 6.1. Subsequently, in section 6.2 we
explain the results from the in-plane signal analysis and in the last section in 6.3 we
investigate the influence of Aluminium thickness with the help of the out-of-plane signal
along Qy.

6.1 SACLA 2018

In this section, we discuss the three major findings from reconstructing the electron density
profiles.

1.) Surface ablation: Between 0.5 − 2.0 ps the surface ablation slowly starts with a
velocity of 0.6× 104 m s−1 and is then significantly increasing between 2.5 − 5.0 ps
to 2.4× 104 m s−1. 5.0 ps after laser excitation the surface ablation is slowing down
again to 0.4× 104 m s−1.

2.) Density modulations: At 0.5 ps the ML sample appears unperturbed while at
1.0 ps the first 40 nm are modulated corresponding to a modulation velocity of v =
4× 104 m s−1. After 2.0 ps all layers changed compared to the initial electron density
leading to the same velocity of v = 4× 104 m s−1. 3.5 ps after laser excitation the
layer structure is not visible anymore until we end up with a 30 nm thick film with
some smaller density oscillations at 6.0 ps.

3.) Intermixing between adjacent layers: The layers are not compressed or ex-
panded separately but show clear intermixing between adjacent ones. This effect is
starting at 2.0 ps for the first 3 double layers and continues at 3.0 ps for the whole
multilayer.
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We note that the scattering cross-section for non-resonant scattering is largest for the
electrons bound to the ions, so with hard X-rays in the energy range of 8 − 9 keV we are
only sensitive to the ions.
We start with the surface ablation after laser excitation illustrated in Fig. 5.18. The
laser energy is deposited primarily to free electrons via inverse Bremsstrahlung (intraband
absorption) because of the high collision frequency. The average energy per electron in
the initial plasma can be estimated as follows: Assuming a laser absorption rate η = 0.2
for our laser intensity of IL = 4× 1014 W/cm2 , quasi-normal incidence (73◦) [80] and
neglecting the energy loss by ionization, the average electron temperature within the skin
layer at the end of the laser pulse can be expressed as

Te = ηILτL
δsCe

. (6.1.1)

δs = 16 nm denotes the collisionless skin depth of cold Ta2+ and Ce = 1.5kBnfree is
the electron heat capacity for an ideal gas with nfree(Ta2+) = 1.11× 1023 /cm3 (and
nfree(Cu1+) = 8.56× 1022 /cm3) leading to Te ∼ 90 eV which we assume to be the max-
imum threshold. Here, the thermal conduction and ionization during laser excitation
are neglected. Note that around the Fermi temperature, the heat capacity approaches
Ce → kBnfree using an interpolation between solid and plasma behavior [80]. The real
heat capacity is rather complex [81], implying that estimating a temperature from simula-
tions with high precision is a challenging task. Hydro-simulations (performed by Moham-
madreza Banjafar in the framework of his PhD [82]) predict an initial temperature after
the laser pulse (t ∼ 100 fs) of 15− 20 eV [82] close to the Fermi temperature (TF = 8.4 eV
for Ta2+ and 7 eV for Cu1+).
The collision frequency νe = νee + νei is one of the most important physical quantities for
density dynamics because the moving electrons transfer energy to the ions. The ion-ion
collisions are negligible compared to νei and νee since their velocity is much slower than
the electron velocity. The precise value of νe under HED states is often unknown, and in-
terpolation formulas between metal-like solids (νe ∝ T ) and ideal gas plasmas (νe ∝ T−1.5)
are used [83] as shown in Fig. 6.1.
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Figure 6.1: Collision frequency of solid Al as a function of the temperature Te = Ti
represented by the thick solid line. The thin solid line is the result of the interpolation,
the dashed line the upper limit of the collision frequency given by the requirement that
the electron mean free path is larger than the ion sphere r0 (taken from [83]).

The collision frequency reaches its maximum value around the Fermi temperature TF ,
with a value close to the plasma frequency

ωpe = 56.4√nfree, (6.1.2)

which is 1.9× 1016 rad/s for cold Ta2+ and 1.6× 1016 rad/s for Cu1+. The velocity of
individual electrons around or below TF in a metal is

vF = ~
me

(
3π2nfree

)1/3
, (6.1.3)

which is 1.7× 106 and 1.6× 106 m s−1 for cold Ta2+ and Cu1+, respectively. At Te > TF ,
the thermal electron velocity vth =

√
kBTe/me also needs to be taken into account, which

leads to the electron velocity of

ve =
√
v2
F + 3v2

th. (6.1.4)

The thermal electron velocity vth can be determined with the energy of electrons under
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an oscillating electric field

Eosc = e2E2
L

4meω2
L

= 9.3× 10−14 IL[W/cm2]λ2
L[(µm)2] ≈ 24 eV. (6.1.5)

From this we obtain electron velocities of ve = 3.9× 106 m s−1 for Ta and Cu leading to
an electron mean free path of lmfp = ve

ωpe
∼ 0.2 nm ≤ δs, much less than the skin depth.

Under this condition, a ballistic transport of electrons is inefficient allowing to use the
diffusion approximation for the electron heat transfer. In addition, due to lmfp ≤ Te/∇Te,
flux-limited heat transport is not important [84].
Another effect of surface dynamics upon laser excitation are ion-density modulations with
sound velocity driven by pressure relaxation. Using the ideal gas equation of state (EOS),
we express the sound velocity as

Cs =
(
γe Z

∗ kB Te + γi kB Ti
mi

)0.5
, (6.1.6)

where γe and γi are adiabatic indices of electrons and ions, respectively and mi = 181 u
and 63 u is the ion mass for Ta and Cu, respectively. From the ideal gas EOS we obtain
γ = 1+2/n with n being the motional degree of freedom. In most of the cases, γe = 1 and
γi = 3 can be used. Assuming Te = 20 eV, Ti = 10 eV and Z∗ = 5 we calculate a sound
velocity of CsT a = 8.3× 103 m s−1 and CsCu = 1.4× 104 m s−1 much slower than what
we observe in our experiment. This leads us to the conclusion that the dominant energy
transport is driven by the heatwave expressed by the two-temperature energy conservation
equations

Ce
∂Te
∂t

= −∇q − γ(Te − Ti) +Q(z, t) (6.1.7)

Ci
∂Ti
∂t

= γ(Te − Ti) (6.1.8)

where Ce, Ci are, respectively, the heat capacity of electrons and ions, q = κ∇Te is the
Spitzer-Härm heat flow with κ(ν) being the heat conductivity, and Q(z, t) = ∇Iabs is the
laser energy deposition rate with the absorbed laser intensity Iabs. The energy transfer
rate from electrons to ions is expressed by γ = Ciτ

−1
i with

τi = mi

2meνei
(6.1.9)

the characteristic time for ion heating, where me and mi are electron and ion mass,
leading to τi ∼ 8.5 ps and 3.5 ps for Ta2+ and Cu1+ at νei ∼ ωpe, respectively. The hy-
drodynamic simulation including laser absorption indicates a heatwave propagation speed
of ∼ 6× 104 m s−1 [82] in agreement with the density perturbation velocity observed in
the experiment. The density perturbation is therefore triggered by an increased electron
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pressure driven by the electron temperature.
On the surface, we observe that the ablation starts slowly at the beginning and is accel-
erated at ∼ 3 ps. We attribute this temporal behaviour to the finite ion heating time τi.
It is well known that the surface ablation can be separated into multiple phases [85]. The
electrostatic ablation within the skin layer under non-equilibrium condition takes place
immediately when the electron temperature exceeds the sum of the work function Eesc

(7.6 eV for Ta and 4.7 eV for Cu) and the atomic binding energy Eb (4.2 eV for Ta and
3.5 eV for Cu). The maximum energy of ablated ions is then

Ei = kBTe − Eesc − Eb, (6.1.10)

which is ∼ 8.2 eV for Ta and ∼ 11.8 eV for Cu. One can see that the electron temperature
of Te = Eesc +Eb is the threshold for ion ablation here. Note that the maximum electron
temperature at the ablation threshold for metals is approximately twice the binding en-
ergy Eb [85]. A more efficient mass ablation starts when the ions obtain enough energy
from electrons via collisions to overcome their binding energy themselves. The onset of
the mass ablation therefore manifests the electron-to-ion energy transfer time. In the hy-
drodynamic simulation, it takes 1.5 – 3 ps for ions to overcome the binding energy [82]
in good agreement with the time scales observed in the experiment. The ablation speed
eventually decreases at later times due to both the lower temperature in deeper parts of
the ML and adiabatic cooling. The surface recession velocity observed in our experiment
(2.4× 104 m s−1) is slightly faster than the sound velocity predicted from the temperature
inferred by the simulation: Cs ≤ 1.5× 104 m s−1 for Te ≤ 15 eV [82]. The experimentally
observed velocity would require Te ≥ 50 eV, highlighting the difficulty of precise estimation
of the temperature by simulations in our experimental regime.
The simple energy conservation equation indicates a maximum possible temperature of
about 90 eV. For material removal, the energy density should exceed niEbond, which are
3.7× 104 J/cm3 for Ta and 4.2× 104 J/cm3 for Cu at solid density. Assuming 20% laser
absorption [80] and a homogeneous distribution of energy along the 83.3 nm total ML
thickness, yields ∼ 5× 105 J/cm3. This is sufficient to remove the whole ML sample as
indeed observed in the experiment.

The density modulations illustrated in Fig. 5.16 imply a modulation velocity of 4× 104 m s−1

also indicating that the dynamics are driven by the heatwave instead of the slower sound
velocity of ≤ 1.4× 104 m s−1.
The detailed density evolution of the ML sample does not agree with the simulation; the
Ta layers withstand much longer in the simulation compared to the experiment [82]. The
intermixing we observe is pointing towards the importance of ion velocities a few ps after
laser excitation. Indeed we can estimate that for Ti = 5 eV velocities of Ta ∼ 1.6 nm ps−1
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and Cu ∼ 5 nm ps−1 should be reached. Our experiment reveals that the layer structure
changes significantly after 2 − 3 ps. Given the thickness of the layers of 4.38 nm (Ta)
and 11 nm (Cu) we estimate that the corresponding velocities are on the order of 2.2 and
5.5 nm ps−1 which is in good agreement with the anticipated values explained above.
For the higher laser intensity of IL = 4× 1015 W/cm2 we found that the density modula-
tions are starting even before nominal time zero t = 0 ps, the origin of that is still under
discussion. A possible explanation for these early dynamics is that the absorption increases
immediately when the laser pulse reaches the sample and ionizes the atoms. An increased
absorption implies then that the penetration depth of the X-rays into the sample decreases
indicating that the scattering signal has less features. However, this phenomenon should
appear immediately and then slowly decrease but the in-plane signal shows continuous
changes which originate most probably from real changes in the sample structure. If these
changes are originating from the increased absorption, this would be also visible in the
signal from the SACLA 2020 experiment. However, the in-plane signal from SACLA 2020
shows no indication of an increased absorption. Instead we attribute the early dynamics
to the increased electron temperature discussed in detail in the next section.

In summary, we have shown that the heat conduction is the dominant energy transport
here because of the high velocities we observe from the experiment. We compared our
experimentally retrieved results with simulations [82] indicating a good agreement. Only
the density modulations do not fit to the simulations emphasizing again how important
these results are to improve and benchmark existing simulation models.
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6.2 SACLA 2020

For the SACLA 2020 experiment, we implemented three major changes. First, we increased
the maximum Qz-range from 1.45 nm−1 to 2.6 nm−1. Second, we increased the laser
intensity from IL = 4× 1014 W/cm2 to 8× 1014 W/cm2 and 8× 1015 W/cm2 and third,
we modified the multilayer samples with an 200 nm thick Aluminium layer on top.
This section is focusing on a qualitative comparison of the in-plane signal between both
laser intensities. We observe two significant differences:

1.) Time scales: The density modulations occur earlier for the higher laser intensity.
Employing a laser intensity of 8× 1015 W/cm2 we observe structural changes after
∼ 5.0 ps while for a laser intensity of 8× 1014 W/cm2 the first structural changes are
occurring after ∼ 9.0 ps (Fig 5.36 and 5.37).

2.) Temporal evolution: For the lower intensity of IL = 8× 1014 W/cm2 first the
Bragg peaks are shifting to higher Qz-values and afterwards the Kiessig fringes are
vanishing attributed to stronger intermixing while for the high intensity of IL =
8× 1015 W/cm2 these effects are occurring vice versa (Fig. 5.37 and 5.38).

As in the previous section, we first determine the average electron temperature within the
skin layer at the end of the laser pulse by

Te = ηILτL
δsCe

. (6.2.1)

Because of the 200 nm thick Aluminium top layer, we determine the values here for Alu-
minium with nfree(Al) = 1.8× 1023 /cm3. With a collisionless skin depth of δs = 12 nm
we calculate electron temperatures assumed as the maximum threshold of ∼ 130 eV for
the low laser intensity of IL = 8× 1014 W/cm2 and ∼ 1300 eV for the high laser intensity
of IL = 8× 1015 W/cm2.
The electron energy in an oscillating field is

Eosc = e2E2
L

4meω2
L

= 9.3× 10−14 IL[W/cm2]λ2
L[(µm)2]. (6.2.2)

Inserting both laser intensities yields Eosc ≈ 48 eV for the low intensity and Eosc ≈ 480 eV
for the high intensity. We assume that the low intensity case can still be approximated
with the effects around the Fermi temperature as discussed in the previous section while
the high intensity case is clearly not on the order of the Fermi temperature but a factor
of 10 higher.
We calculate an electron velocity via

ve =
√
v2
F + 3v2

th (6.2.3)
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to ∼ 5.4× 106 m s−1 for the low intensity leading to a mean free path of ∼ 0.3 nm using
νe ∼ ωpe. For the high intensity case the electron velocity is ∼ 16× 106 m s−1 following
that the approximation νe ∼ ωpe is not valid anymore. Instead it is νe ∝ T−1.5 meaning
that the collision frequency is smaller than the plasma frequency resulting in a mean free
path > 0.9 nm.
For the laser intensity of IL = 8× 1014 W/cm2 we attribute the main contribution to the
mass ablation due to electron-ion collision because of the relatively low electron temper-
ature as already discussed in the previous section. However, the higher laser intensity
of IL = 8× 1015 W/cm2 implies a 10 times higher electron temperature leading to the
assumption that the maximum energy of ablated ions

Ei = kBTe − Eesc − Eb (6.2.4)

is the main contribution here on the order of several hundred eV. Note that for a pre-
cise determination for intensities well over the ablation threshold Eq. (6.2.4) needs to be
modified by including energy losses for the ion heating and for electron ionization and
emission [42]. However, for a qualitative estimation we keep to Eq. (6.2.4). With this,
first the different time scales (9 ps for low intensity and 5 ps for high intensity) of density
modulations can be explained. For the high intensity the maximum energy of ablated
ions is several orders of magnitude larger than the ablation threshold meaning that the
ablation of ions is starting immediately while the mass ablation process starts only later
when the electrons transferred enough energy to the ions due to collisions (a few ps).
On the other hand that could also describe the different temporal evolution of the in-plane
signal for both laser intensities since there are just different processes contributing.

In conclusion, we measured ML samples with Aluminium top layer using different laser
intensities. We found that the dynamics produced with the higher intensity are driven by
the increased electron temperature while the dynamics originated from the lower inten-
sity occur mainly because of the energy transfer from electron-ion collisions. For a more
quantitative analysis a reconstruction of density profiles by machine learning techniques
is required. This, however, is beyond the scope of this thesis.
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6.3 Out-of-plane scattering along Qy

In this section, the main results from the out-of-plane scattering along Qy are discussed:

1.) Layer parameters before and after laser excitation without Aluminium:
While the lateral correlation length ξL does not change upon laser excitation, the
layer roughness is increasing from a roughness factor r = 2 to r = 6 and the hurst
parameter is decreasing from h = 0.6 to h = 0.1 (Fig. 5.43).

2.) Layer parameters before and after laser excitation with Aluminium: With
an Aluminium layer on top of the ML sample we observed that the hurst parameter
is not changing significantly. Instead the overall roughness is increasing (Fig. 5.44
and 5.45).

3.) Time scales depending on Aluminium thickness: Depending on the Alu-
minium layer we could extract the time t0 when the layer parameters start to change
ranging from t0 = 2 to t0 = 10 ps. Additionally, the rise time ∆t also depends on
the Aluminium thickness increasing from 0.25 ps (0 nm Al) to 1.25 ps (200 nm Al)
(Fig. 5.47 and 5.48).

In section 6.1 we explained that the materials experience different electronic pressures and
upon thermalization the ions therefore start to intermix with adjacent layers for compen-
sation. This intermixing implies that the layers significantly increase in layer roughness
with a reduced hurst parameter.
The origin of the different behaviour of the hurst parameter with and without Al layer
is not yet completely clear. But it points towards different processes active for interface
mixing depending on Al layer thickness.
We explain the increase of t0 depending on the Aluminium layer thickness with the
time the heatwave needs to penetrate the Aluminium layer for causing density modu-
lations. The dependence is clearly not linear but exponential and we calculate a velocity
of ∼ 2.5× 104 m s−1 to penetrate the 50 nm thick Aluminium layer and ∼ 2.0× 104 m s−1

for the 200 nm thick Aluminium layer. By increasing the laser intensity we determine a
velocity of ∼ 3.3× 104 m s−1 which is 65% faster. We find also here that the dynamics
must be driven by thermal conduction since the sound velocity is much slower.
Finally, we attribute the increasing rise time with increasing Al layer thickness to a signif-
icant temporal broadening of the electronic heatwave when passing through the Al layer.
Indeed one may expect that the electronic temperature gradient inside the Al plays an
important role here in broadening of the heatwave. Again, further simulations are needed
to understand and explain this observation quantitatively.

In conclusion, we have shown the feasibility of extracting information about the layer

119



CHAPTER 6. DISCUSSION

parameters from the out-of-plane signal along Qy. The outcome is in good agreement
with the result from the in-plane scattering, namely that the dynamics are driven by the
heatwave and for laser intensity below 1× 1015 W/cm2 the mass ablation due to electron-
ion collisions is the main contribution while for the higher laser intensity the electrostatic
ablation is more prominent. Last, we could identify the influence of the Aluminium top
layer on the velocity and shape of the heatwave.
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Conclusion and outlook

We studied for the first time surface dynamics of solids upon high-intensity laser irradi-
ation by grazing-incidence X-ray diffuse scattering; in particular, aiming for new insights
into dynamically changing density profiles with nanometer spatial and picosecond time
resolution. The experiments have been performed at the Free-Electron Laser SPring-8
Angstrom Compact free electron LAser (SACLA) in Japan. Multilayer samples have been
excited with a high-intensity laser of intensities from 4× 1014 to 8× 1015 W/cm2 and pulse
duration of τL = 40 fs. The single pulse X-ray probing has been achieved by using 7 fs
XFEL pulses of hard X-rays at 8.81 keV photon energy.
The resulting 2D scattering images have been analyzed with the program BornAgain in-
cluding background modelling because of parasitic scattering from the beamstop. From
the in-plane scattering signal detailed electron density profiles have been reconstructed.
We addressed the generic problem of non-unique solutions in reflectivity experiments by
also investigating the out-of plane signal along Qz. Taking the lateral correlation length
ξL into account helped us to reduce the number of possible solutions to the density profile.
We found that after 2 ps all layers are perturbed resulting in a perturbation velocity of
4× 104 m s−1. After 5 ps only a small layer of 30 nm is left while the rest of the material
is evaporated into vacuum.
The slow start of ablation is attributed to a finite ion heating time (few picoseconds).
After 2 ps we observed dynamics driven by the heatwave with an ablation velocity of
2.4× 104 m s−1. Compression waves can be excluded since they are driven by the sound
velocity (Cs ≤ 1.5× 104 m s−1) much slower than the dynamics we observe. For later times
the dynamics are decreasing again because of the lower temperature in the deeper layers
due to the short laser pulse duration. We compared our experimentally retrieved results
with simulations [82] indicating a good agreement. Only the density modulations do not
fit to the simulations again emphasizing how important these results are to improve and
benchmark existing simulation models.
In the SACLA 2020 experiment, the Qz-range has been increased up to Qz = 2.6 nm−1
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to further minimize the problem of multiple solutions. The ML samples have been modi-
fied with Aluminium top layers of different thicknesses resulting in a much more detailed
scattering pattern, that is on the other hand more complicated to analyze. In the frame-
work of this thesis we demonstrated the refinement of a preshot without laser excitation
and performed a qualitative in-plane analysis. The dynamics produced with the higher
intensity are driven by electrostatic ablation while the dynamics originated from the lower
intensity occur mainly because of the energy transfer from electron-ion collisions. For a
more quantitative analysis a reconstruction of density profiles by machine learning tech-
niques is required, however, this is not part of this thesis.
By investigating the out-of-pane signal along Qy, we have shown the feasibility of ex-
tracting information about the surface configuration such as correlation lengths and hurst
parameters. The outcome is in good agreement with the result from the in-plane scatter-
ing, namely that the dynamics are driven by the heatwave and for laser intensity below
1015 W/cm2 the mass ablation due to electron-ion collisions is the main contribution while
for the higher laser intensity the electrostatic ablation is more prominent. Last, the in-
fluence of the Aluminium top layer on the velocity and shape of the heatwave has been
identified.
Before these new methods have been developed, the reconstruction of the exact plasma
profile during laser excitation was not feasible and prevented from controlling the dynam-
ics for applications and from performing plasma simulations with correct initial conditions.
Our new technique will play an important role towards long-awaited quantitative bench-
mark and improvement of various models and simulation codes.
These results can be useful for all applications that rely on transient dynamics of high-
density states: material processing, isochoric heating, laser dynamic compression and
relativistic laser matter interaction.
In the future, we want to employ smaller X-ray beam sizes or a co-linear geometry between
high-intensity laser and X-ray beam resulting in a temporal resolution on the order of the
X-ray pulse duration, only a few femtoseconds. Furthermore, it is absolutely required to
implement computational methods such as machine learning for electron density recon-
struction, especially with the larger Qz-range.
More general, only the recent advent of Free-Electron Lasers allows us to study these
nanoscale dynamics with femtosecond time resolution. Up to now, this was not possi-
ble because of missing techniques. Bringing together X-ray scattering techniques and
high energy density science opens a complete new field in understanding the fundamental
processes in laser-plasma interaction. In the framework of this thesis, we developed im-
portant new methods that will support the fundamental understanding of plasma surface
dynamics.
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Appendix

8.1 BornAgain code

Figure 8.1: BornAgain code defining dispersion and absorption coefficients for all materi-
als.

123



CHAPTER 8. APPENDIX

Figure 8.2: BornAgain code setting an individual layer thickness for every layer.

Figure 8.3: BornAgain code defining a roughness, hurst parameter and lateral correlation
length for every layer.
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Figure 8.4: BornAgain code connecting every layer thickness to material and roughness,
hurst parameter and lateral correlation length. Additionally, the cross correlation length
is defined.

Figure 8.5: BornAgain code creating a simulation. The detector properties and setup
parameters are defined.
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Figure 8.6: BornAgain code for running the simulation.
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8.2 In-plane modelling low intensity

Figure 8.7: Top left: In-plane signal along Qz for t = 0.5 ps and refinement. Top right:
Reconstructed electron density profile for 0.5 ps. Bottom left: In-plane signal along Qz for
t = 1.0 ps and refinement. Bottom right: Reconstructed electron density profile for 1.0 ps.
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Figure 8.8: Top left: In-plane signal along Qz for t = 1.5 ps and refinement. Top right:
Reconstructed electron density profile for 1.5 ps. Bottom left: In-plane signal along Qz for
t = 2.0 ps and refinement. Bottom right: Reconstructed electron density profile for 2.0 ps.

128



8.2. IN-PLANE MODELLING LOW INTENSITY

Figure 8.9: Top left: In-plane signal along Qz for t = 2.5 ps and refinement. Top right:
Reconstructed electron density profile for 2.5 ps. Bottom left: In-plane signal along Qz for
t = 3.0 ps and refinement. Bottom right: Reconstructed electron density profile for 3.0 ps.
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Figure 8.10: Top left: In-plane signal along Qz for t = 3.5 ps and refinement. Top right:
Reconstructed electron density profile for 3.5 ps. Bottom left: In-plane signal along Qz for
t = 4.0 ps and refinement. Bottom right: Reconstructed electron density profile for 4.0 ps.
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Figure 8.11: Top left: In-plane signal along Qz for t = 5.0 ps and refinement. Top right:
Reconstructed electron density profile for 5.0 ps. Bottom left: In-plane signal along Qz for
t = 6.0 ps and refinement. Bottom right: Reconstructed electron density profile for 6.0 ps.
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8.3 In-plane modelling intermediate intensity

Figure 8.12: Top left: In-plane signal along Qz for t = −1.0 ps and refinement. Top right:
Reconstructed electron density profile for −1.0 ps. Bottom left: In-plane signal along Qz
for t = −0.5 ps and refinement. Bottom right: Reconstructed electron density profile for
−0.5 ps.
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Figure 8.13: Top left: In-plane signal along Qz for t = −0.4 ps and refinement. Top right:
Reconstructed electron density profile for −0.4 ps. Bottom left: In-plane signal along Qz
for t = −0.3 ps and refinement. Bottom right: Reconstructed electron density profile for
−0.3 ps.
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Figure 8.14: Top left: In-plane signal along Qz for t = −0.15 ps and refinement. Top right:
Reconstructed electron density profile for −0.15 ps. Bottom left: In-plane signal along Qz
for t = 0.0 ps and refinement. Bottom right: Reconstructed electron density profile for
0.0 ps.
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8.4 Uniqueness analysis for 2.0 ps

Figure 8.15: Two fits for the in-plane signal with t = 2.0 ps time delay. Both X-ray signals
look similar while showing very different density profiles.
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(a) Layer 1− 14: ξL = 30 nm

(b) Layer 1: ξL = 1 nm; Layer 2− 14: ξL = 30 nm

Figure 8.16: Out-of-plane signal along Qz based on the electron density profile in Fig.
8.15(right). The grey points denote the XDS data, the blue and red lines indicate the
simulated out-of-plane signal and the light blue and red lines display the differences be-
tween simulation and data. The blue colored figure (left) corresponds to the blue electron
density profile and the red colored figure to the red profile, respectively. (a) displays the
out-of-plane signal with a lateral correlation length ξL = 30 nm for all layers. (b) shows
the out-of-plane signal with a decreased lateral correlation length ξL = 1 nm for the first
layer.
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(a) Layer 1− 6: ξL = 1 nm; Layer 7− 14: ξL = 30 nm

(b) Layer 1− 12: ξL = 1 nm; Layer 13− 14: ξL = 30 nm

Figure 8.17: Out-of-plane signal along Qz based on the electron density profile in Fig.
8.15(right). The grey points denote the XDS data, the blue and red lines indicate the sim-
ulated out-of-plane signal and the light blue and red lines display the differences between
simulation and data. The blue colored figure (left) corresponds to the blue electron density
profile and the red colored figure to the red profile, respectively. (a) displays the out-of-
plane signal with a lateral correlation length ξL = 1 nm for layer 1− 6 and ξL = 30 nm for
layer 7− 14. (b) shows the out-of-plane signal with a decreased lateral correlation length
ξL = 1 nm for layer 1− 12.
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2.0 ps ξL = 1 nm ξL = 30 nm χ2 blue profile χ2 red profile

1 - layer 1− 14 8928 5268

2 layer 1 layer 2− 14 1667 4810

3 layer 1− 6 layer 7− 14 2948 4291

4 layer 1− 12 layer 13− 14 2209 3583

Table 8.1: Overview of the different combinations of lateral correlation length ξL and
resulting χ2 values from Fig. 8.16 and 8.17.
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8.5 Diffuse scattering with 50 nm Aluminium

(a) Exponent m as a function of time delay
for Qz = 0.79 nm−1.

(b) Exponent m as a function of time delay
for Qz = 1.33 nm−1.

(c) Exponent m as a function of time delay
for Qz = 1.73 nm−1.

(d) Exponent m as a function of time delay
for Qz = 2.10 nm−1.

Figure 8.18: Modelled exponent m as a function of time delay for the ML sample with
50 nm thick Aluminium for different Qz values.
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8.6 Diffuse scattering with 200 nm Aluminium low intensity

(a) Exponent m as a function of time delay
for Qz = 0.79 nm−1.

(b) Exponent m as a function of time delay
for Qz = 1.33 nm−1.

(c) Exponent m as a function of time delay
for Qz = 1.73 nm−1.

(d) Exponent m as a function of time delay
for Qz = 2.10 nm−1.

Figure 8.19: Modelled exponent m as a function of time delay for the ML sample with
200 nm thick Aluminium investigated with the lower laser intensity for different Qz values.
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8.7 Diffuse scattering with 200 nm Aluminium high inten-
sity

(a) Exponent m as a function of time delay
for Qz = 0.79 nm−1.

(b) Exponent m as a function of time delay
for Qz = 1.33 nm−1.

(c) Exponent m as a function of time delay
for Qz = 1.73 nm−1.

(d) Exponent m as a function of time delay
for Qz = 2.10 nm−1.

Figure 8.20: Modelled exponent m as a function of time delay for the ML sample with
200 nm thick Aluminium investigated with the higher laser intensity for different Qz values.
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